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PREFACE 
I 
This   volume  represents   the  f inal   report   on  Bendix  Aerospace 
Systems Division Project No. 82911, sponsored by the National Aero- 
nautics and Space Administration under Contract No. NAS 9-3734. The 
award  was  based  on  the  evaluation of Bendix  Aerospace  Systems  Division's 
Technica l  Proposa l  BSD 965, August 1964, supplemented by Bendix 
Let ter  64-520-13919,  dated 30 September 1964, which were submitted 
in response to R F P  No. BG 751-41-5-22 P, issued by the NASA Manned 
Spacecraft  Center on 24 July 1964. The study was initiated 16 November 
1964 and was reviewed periodically by Mr. U.  S. Clanton, NASA Technical 
Representat ive  for   the  project .  
The   h ighly   spec ia l ized   d i sc ip l ines   requi red   to   car ry   ou t   severa l  of 
the  mineralogical   experiments   were  provided  by a t e a m  of consulting 
geologis ts  f rom The Universi ty  of Michigan. Technical management of the 
ent i re  program was the responsibi l i ty  of Mr. Milton Schloss,  while certain 
administrative functions were performed by Dr.  0. Lyle Tiffany during 
the  f i r s t  pa r t  of the investigation and by Dr. J .  Rutkowski during the latter 
p a r t .  
The aforementioned persons and others  who contr ibuted mater ia l ly  
to  this  project   are  acknowledged  below  together  with a br ief   descr ipt ion 
of the i r   ass igned   tasks :  
M r .  C l a r e n c e  W.  Ahlstrom, Bendix Aerospace Systems Division 
Design Engineer-responsible for the design, fabrication, and 
installation of tes t   equipment   dur ing   Phase  I of the  project .  
Mr .  Ted  R.  Brouillette,  Bendix Aerospace Systems Division 
Physicis t -   responsible   for   monitor ing all tes t s   and   exper iments  
du r ing   Phase  11. 
D r .  P a u l  L.  Cloke, The University of Michigan 
A s s o c i a t e   P r o f e s s o r  of Geology-responsible for the synthesis of 
ammonium feldspar ,  basal t  glass  fusion,  and mass s p e c t r o m e t e r  
ana lys i s .  
iii 
Mr. Thomas C.  Cunningham, J r .  , Bendix Aerospace Systems Division 
Tes t   Engineer - respons ib le   for   thermal   s imula t ion   and   measurement  
du r ing   Phase  11. 
Dr.  Reynold M. Denning, The University of Michigan 
P r o f e s s o r  of Mineralogy-responsible   for   the  different ia l   thermal  
analysis  (DTA):  thermogravimetr ic  analysis  (TGA).  and opt ical  
microscopic  ana lys i s .  
Mr .  F rank l in ,  F .  Foi t ,  The Universi ty  of Michigan 
Ph. D. Candidate in Geochemistry-responsible for sample preparation 
and   moni tor ing   tes t s   and   exper iments   dur ing   Phase  I. 
Mr.  Jerome Katz ,  Bendix Aerospace Systems Divis ion 
Photoscient is t -   responsible   for   perfect ing a high-speed X- ray  photo- 
graphic  technique  for  making  powder  diffraction  patterns.  
Dr.  Will iam C. Kelly,  The University of Michigan 
Assoc ia t e   P ro fes so r  of Geology-responsible   for   the  puri ty   analysis  
of ammonium fe ldspar ,  basa l t  g lass ,  and  o ther  tes t  spec imens .  
Mr .  R icha rd  R .  Lannin,  Bendix Aerospace Systems Division 
Environmental  Lab Technician-responsible for the assembly and 
operation of tes t   equipment   during  Phase 11. 
Dr .  E leanora  C .  Liu,  Bendix Aerospace Systems Division 
Senior   Scient is t - responsible   for   coordinat ing  the  chemical   analyses  
of the   p re-exposed   and   tes t   samples .  
Mr. Edwin E .  Metevia,  Bendix Aerospace Systems Division 
Manager ,  Sys tems Tes t  Depar tment - respons ib le  for  provid ing  
technica l   ass i s tance   in   the   thermal   vacuum  f ie ld   to   ach ieve   the  
prescr ibed   lunar   and   spacecraf t   envi ronments .  
M r .  H e r b e r t  J .  Mummery, Bendix Aerospace Systems Division 
Environmental   Lab  Technician-  responsible  for  the  assembly  and 
operat ion of tes t   equipment   dur ing   Phase  I. 
Mr. Lloyd L. Paus,  Bendix Aerospace Systems Divis ion 
Design Engineer- responsible for the design, fabrication, and instal-  
lation of tes t   equipment   dur ing   Phase  11. 
iv 
Dr. Donald R. Peacor ,  The  Univers i ty  of Michigan 
A s s i s t a n t   P r o f e s s o r  of Geology-responsible   for   the  X-ray  photo-  
graphic  investigations  in  ambient  and  in  vacuum. 
Dr .  J. Rutkowski,  Bendix Aerospace Systems Division 
Manager ,  Fl ight  Sciences Department-responsible  for  the adminis-  
t ra t ive   management   dur ing   Phase  11. 
Mr.  Mil ton Schloss ,  Bendix Aerospace Systems Divis ion 
Pro jec t   Manager -   respons ib le   for   the   t echnica l   d i rec t ion   and   coord in-  
ation of the s tudy program, the plagioclase i r radiat ion at  The 
University of Michigan, and the preparation of progress   and  f inal  
r e p o r t s .  
M r .  C h a r l e s  F. Sheppy, Bendix Aerospace Systems Division 
Superv isor ,  Thermal  Vacuum Sect ion- respons ib le  for  main tenance ,  
t roubleshoot ing,  repair ,  and checkout  of test  equipment.  
D r .  0. Lyle Tiffany, Bendix Aerospace Systems Division 
Chief   Scient is t -   responsible   for   the  adminis t ra t ive  management  
dur ing   Phase  I .  
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SECTION 1 
INTRODUCTION 
The   pr imary   ob jec t ive  of this  study  was  to  investigate  the  stabil i ty 
of s e l ec t ed   ea r th   mine ra l s   i n  a s imulated lunar  environment .  This  was to  be 
accomplished  through  cer ta in   laboratory  experiments   and  analyses ,   and  involved 
select ion of ear th   minera ls   having   in te res t ing   and   per t inent   charac te r i s t ics  ~ 
and  performance of thorough  analysis of their   react ions  to   exposure  tovacuum 
and  thermal   environments   c losely  s imulat ing  lunar   condi t ions,   and of the i r  
chemical   and/or   s t ructural   s tabi l i ty   when  exposed  to   spacecraf t   and  ear th  
environments.  
During  the  course of the  project ,   cer ta in   technical   d i f f icul t ies   were 
encountered  with  tes t   apparatus   which  required a comprehens ive   rev is ion  
to   the   t es t   p rocedure   in   o rder   to   p rovide   resu l t s   in   consonance   wi th   the  
general  object ives  of the  or iginal  contract .  A s u m m a r y  of the or iginal  
cont rac t  requi rements ,  the  d i f f icu l t ies  encountered ,  and  the  cont rac t  
modification is contained in Appendix I. Throughout  this  report ,  the  pro-  
gram  which  Bendix  conducted  from  contract   inception  through  the  com- 
prehens ive  tes t  p rocedure  rev is ion  is r e fe r r ed  to  as  P h a s e  I. The  
subsequent   per iod  associated  with  the  modif ied  program is r e fe r r ed   t o  
a s   P h a s e  11. 
The  program  conducted  hereunder   consis ted of " shor t - t e rm1 '   and  
" long-term" act ivi t ies .  The short- term act ivi t ies  involved acquis i t ion 
of 14 minera l   types   and   inc luded   labora tory   p roduct ion  of basa l t   g lass ,  
synthesis  of ammonium  fe ldspar ,   and   reac tor   i r rad ia t ion  of plagioclase.  
Tests  and  analyses  conducted  on  the 14 samples   du r ing   t he   sho r t - t e rm 
act ivi t ies   included  different ia l   thermal   analysis ,   thermogravirr ie t r ic  
a n a l y s i s ,  o p t i c a l  m i c r o s c o p i c  m e a s u r e m e n t ,  m a s s  s p e c t r o m e t e r  i n v e s t i -  
gation, and X-r.ay diffraction pattern study. The objectives of the short-  
term  experiments   included  val idat ion of mineral   ident i f icat ion,   provis ion 
of some  insight  into  what  reactions  should  be  expected  during  the  long- 
term  experiments ,   and  provis ion of a s tandard  for   comparison  with  resul ts  
obtained from the long-term experiments .  The long-term act ivi t ies  
1-1 
included  temperature  cycling of the   minera l   samples   whi le   in  a vacuum,  
closely s imulat ing a lunar environment,  with somewhat accelerated cycling. 
This  was  to  be  followed  by a 4-day   exposure   to  a s imula ted   spacecraf t   en-  
vironment  and a 2-day exposure to  ear th  environment .  X-ray photos  were 
to   be  taken  during  the  var ious  s tages ,   and  chemical   analysis   would  be  per-  
formed at  the terminat ion of the testing. The temperature cycling was ex- 
pected  to   encompass  several   months,   depending  upon  the  t ime  required  for  
equipment  setup and t ime avai lable  during the or iginal  contract  per iod.  The 
, long-term  act ivi t ies   were  substant ia l ly   affected  by  problems  encountered 
with the tes t  apparatus  and were subsequent ly  conducted,  using only s ix  
se lec ted   minera ls ,   in   accordance   wi th  a rev ised   tes t   p lan   incorpora ted  
into the contract  by modification. Briefly stated,  the testing performed 
involved a s ing le   t empera tu re   cyc le   a t   s imu la t ed   l una r   vacuum  env i ronmen t ,  
with  X-ray  photographs of each  sample  being  taken  a t .   var ious  s tages  of t he  
temperature   cycle ,   and  ending  with a 4-day   s imulaf ion  of spacec ra f t   en -  
vironment (X-ray photographs being taken at this  f inal  s tage also) .  The 
en t i re   cont rac t   dura t ion   or ig ina l ly   scheduled   for  1 2  months  was  extended 
to 24 months   to   a l low  for   equipment   modi f ica t ion   necessary   for   the   re -  
vised  test   plan.  
Sections 2 and 3 of th i s   r epor t   desc r ibe   t he   mine ra l s   s e l ec t ed ,   t he i r  
preparat ion,  and the equipments  and general  procedures  used in  the var ious 
types of tests conducted. Sections 4 through 17 t reat  the specif ic  f indings 
for each of the  minerals   tes ted,   whi le   Sect ion 18 sets forth the significant 
conclusions which were reached based on tes t  resul ts .  Sect ion 19 presents  
a bibliography. 
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2. 1 MINER. 
SECTION 2 
TEST MATERIALS 
A L  SPECIMENS 
A total of twelve   minera ls   and   two  g lasses   were   inves t iga ted   in   PhaseI .  
They  included  twelve  natural   and  two  synthesized  mater ia ls  as follows: 
Actinolite  Gypsum 
Ammonium  Fe ldspar   He at i te  
Ant igor i te   I r rad ia ted   P lag ioc lase  
Basal t   Glass   Muscovi te  
Calci te   Natrol i te  
Calcium-Montmoril lonite  Talc 
Gaethite-  Tektite 
These  ma te r i a l s  a r e  l i s t ed  in  Tab le  2 -1 ,  together with the localities 
in which they were found and the companies or institutions from which they 
were obtained.  The synthet ic  mater ia ls  are the ammonium feldspar  and 
the  basa l t  g lass .  The  i r rad ia ted  p lag ioc lase  was  a r t i f ic ia l ly  induced  by e x -  
posing  labradori te   to   the  radiat ion of a high-energy  source.  
2 . 2  SELECTION OF MINERALS 
The  minerals   selected  for   s tudy  were  considered  to  be r ep resen ta -  
t ive of s e v e r a l  classes of mater ia ls   most   l ikely  to   exhibi t   changes  under  
lunar  environmental  condi t ions.  The var ious classes chosen include a 
carbonate  (calcite), common rock-forming silicates containing volatile 
hydroxyl  ion (e. g. ,. t a lc ,   muscovi te ) ,  a compound  with  water of hydration 
2 -1 
TABLE 2-1 
LIST O F  MINERAL SPECIMENS 
Mineral 
Actinolite 
Anorthoclase  (for NH4 
feldspar) 
Antigorite 
Basalt  (for  basalt  glass) 
Calcite,  var.  Iceland 
spar  
Calcium - montmorillo- 
nite, Sample #G360 Fine 
Fractured  Helms  Clay 
Goethite 
G y p s u m ,  var. Selenite 
Hematite, Pencil ore 
Labradorite  (for  irradi-  
ated  plagioclase) 
Muscovite 
Natrolite 
Orthoclase  (for NH4 
feldspar) 
Talc,  foliated 
Tektite (Indochinite) 
Locality 
Brno, South Moravia, 
Czechoslovakia 
Tanganyika 
Montville, New Jersey  
Branchville, Corn. 
Creel,  Chihuahua,  Mexico 
Gonzales,  Texas 
Mesabi Range, Minn. 
Girgenti, Sicily 
Egremont,  Cumberland, 
England 
Androtsy,  Madagascar 
Effingham Township, 
Ontario 
Springfield Butte, Lane 
County,  Oregon 
Madagascar 
New Fane, Vermont 
Thailand 
~~ ~ ~ 
~ 
Source 
Southwest  Scientific Co. 
Ward's  Natural  Science 
Establishment, Inc. 
The University of Michigan 
Mineralogical  Museum 
Southwest  Scientific Co. 
Southwest  Scientific Co. 
jouthern  Clay  Products, p. o 
3ox 44 Gonzales, Texas 
Ward's  Natural  Science 
Establishment, hc. 
Southwest  Scientific Co. 
Southwest  Scientific Co. 
Southwest  Scientific Co. 
Ward's Natural Science 
Establishment, Inc. 
Ward's  Natural  Science 
Establishment, Inc. 
The  University of Michigan 
Mineralogical  Museum 
The  University of Michigan 
Mineralogical  Museum 
Ward's  Natural  Science 
Establishment, Inc. 
~ " 
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(gypsum), a mineral  with zeol i t ic  water  (natrol i te) ,  a clay with inter-  
l a y e r   w a t e r  known to   be  easi ly   lost   or   gained  revers ibly  (montmori l loni te) ,  
and an oxide with hydrogen-bonding (goethite). Also chosen was a fe ldspar  
containing volatile NH4. In addition LO t h e s e   m i n e r a l s   w h i c h   a r e  all known 
to   lose a volati le at  h i g h   t e m p e r a t u r e   o r   l o w   p r e s s u r e ,   b a s a l t   g l a s s ,  a 
tekti te,   and a neut ron- i r rad ia ted   p lag ioc lase   were   s tud ied   in   o rder   to   de te r -  
mine   poss ib le   changes '   in   d i sordered   s t ruc tures   which   may 'occur  in the 
lunar  environment .  The fol lowing paragraphs descr ibe the preparat ion 
of the  tes t   mater ia ls   including  detai led  accounts  of the  synthesis  of the 
ammonium  feldspar ,   the   basal t   g lass ,   and  the  i r radiat ion of labrador i te  
to   produce  an  i r radiated  plagioclase.  
2 .3  AMMONIUM FELDSPAR 
As indicated above, ammonium feldspar was selected as a t e s t   m a t e r i a l ,  
s ince  it r e p r e s e n t s  a different   c lass  .of phases   which  might   yield a vola- 
t i l e ,   and   therefore   represents  a possible devolati l ization different from 
others .  Ammonium feldspar  occurs  natural ly  as  buddingtonite, but was 
sythesized  to   obtain  samples   for   these  tes ts .  
The ammonium feldspar  was synthesized by Dr .  Paul  L. Cloke, 
Assoc ia t e  P ro fes so r  of Geology, The University of Michigan. Mixing 
72 gm of a Tanganyika  anorthoclase  with a solution of 43. 5 gm of NH4C1, 
9 1  m l  of H20,  and 3. 8 m l  of concentrated  NH40H  and  subjecting it to a 
t e m p e r a t u r e  of 350OC and a p r e s s u r e  of 10,000  psi   continuously  for  seven 
days, Dr. Cloke produced a feldspar with a high NHG content. It a l so  
contained impuri t ies ,  such as  copper  and i ron oxides ,  so  other  a t tempts  
were made including using a Madagascar  or thoclase.  Two and one-half 
g r a m s  of 300 m e s h   i r o n - r i c h   o r t h o c l a s e   w e r e   m i x e d   w i t h   l e s s e r   a m o u n t s  
of the  same  consti tuents  mentioned  above  and  subjected  to 475OC and 9 9 0 0  
psi  for  seven days.  Two and one-half grams of a high-puri ty  ammoniated 
feldspar  were  f inally  produced. 
This   sec t ion   descr ibes   the   synthes is  of ammonium  feldspar   in   detai l .  
Many  problems of a technical   and  mechanical   nature   had  to   be  overcome,  
some  of which  have  been  descr ibed  in  ear l ie r  repor t s .  This  sec t ion  pre-  
sents  both  posit ive  and  negative  results.  
2. 3. 1 Optical  Microscopic  Analysis  of Anorthoclase 
Anorthoclase  was  used  init ially  in  the  synthesis of ammonium 
fe ldspar .  The  spec imen was  in  par t  very  c lear ,  bu t  conta ined  o ther  phases 
that  could not be removed readily (Figure 2- 1). About 10% of the sample 
was composed of c lay s ta ined with i ron,  surrounding 1 to 2 mm  e l l ipso ida l  
cavi t ies :  The cavi t ies  were l ined with clear  t rapezohedrons of analci te  
having an index of re f rac t ion  of 1. 485. In addi t ion,  there  were a few 
equidimensional   black  crystals   which  could  not   be   ident i f ied by optical  
means .  
The axial angle of the  anorthoclase is ra ther   low,  a l i t t le   under  40°. 
The mater ia l  is optically positive with LY = 1. 533 and y = 1. 54.  Some very 
f ine  lamellar   twinning  with  near ly   paral le l   ext inct ion  occurred  in   the  crushed 
f r agmen t s  of the   fe ldspar .  
2. 3. 2 Different ia l  Thermal  Analysis  (Figure 2 -2 )  
2. 3. 2. 1 Sensit ivity:  5 pv/cm 
2. 3. 2. 2 Peak Values:  None (s l ight  endothermic dr i f t )  
2. 3. 3 Thermogravimet r ic  Analys is  
The TGA shows no significant weight loss to a max imum  t empera -  
t u r e  of 105OOC (Figure 2-3) .  
2. 3. 4 P r e l i m i n a r y  E x p e r i m e n t  
Because of the  large  amount  (135  gm)  of ammonium  feldspar   needed 
for  experimental  mater ia l ,  Dr .  Cloke ini t ia l ly  t r ied a somewhat  different  
procedure than that  employed by Barker  (Am. Min. 49, 851-858, 1964). 
Instead of using sealed capsules ,  Dr.  Cloke attempted to synthesize the 
powdered anorthoclase direct ly  within the pressure vessel  i tself .  I t  was 
hoped  that   the  steel   walls  would  not  corrode  and  react  with  the  solution, 
but the init ial  at tempt was unsuccessful.  To avoid the expense of gold cap- 
sules,   copper  tubing  fused  shut a t  both  ends  was  t r ied  with  sat isfactory  re-  
su l t s .  Smal l  copper  c rys ta l s  formed wi th  the  charge ,  bu t  they  were  eas i ly  
removed by heavy-liquid  separations.  
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Figure 2-1 Photomicrograph of Anorthoclase, 47X, 
Analcite  Crystal  at  Center 
2-5 
Test: DTA 
Mineral:  Anorthoclase 
Weight:  255 m g  
Sensitivity: 5 p v / c m  
0 10 20 30 40 50 60 70 80 
Time (Minutes) 
Figure 2-2 Anorthoclase DTA 
Test: T GA 
Mineral: Anorthoclase 
Weight: 238.5  mg 
1 00 0% 
0 10 20  30 40 50 60 70 80 
Time (Minutes) 
Figure 2-3 Anorthoclase TGA 
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Production of exchange react ions fai led in  the first at tempts .  The 
apparatus  would  not  withstand  the  pressures  used by B a r k e r  at  the   t empera-  
tures  he ci ted in  his  report .  Consequent ly ,  the experiments  were carr ied 
out  under  less  severe  condi t ions .  These  exper iments  a re  summa-r ized  in  
Table .2-2. The last two runs,  with the init ial  solutions made alkaline,  suc- 
cessfully yielded ammonium feldspar.  The exchange reaction took place be- 
tween   p re s su res  of 8000 to 14,000 ps i  and at t e m p e r a t u r e s   f r o m  480 to 
49OoC. 
2. 3. 5 In te rmedia te  Exper iments  
The  successful   synthesis  of 0. 1 gm of anorthoclase  descr ibed  above 
establ ished  the  condi t ions  required  for   synthesizing a large  quant i ty  of a m -  
monium feldspar  at one t ime. One hundred and fifty grams of anorthoclase 
were  sealed  in  a copper  tube  with  an  ammonium  chloride  solution  contain- 
ing 16-2/3% NH4C1 and brought to pH9 with ammonium hydroxide. The cop- 
pe r   capsu le   measu red   s l i gh t ly   sma l l e r   i n   ou t s ide   d i ame te r   t han   t he   i n s ide  
of the 500-ml reactor (Figure 2-4).  When one end of the copper tube was 
flattened and fused shut, the tube would not f i t  in the reactor.  In at tempt-  
ing to reshape the fused end so that it would f i t  ins ide the reactor ,  the seal  
was ruptured. 
It  was  then  attempted  to  make  the 150 gm of ammonium  feldspar   in  
three lots .  Two copper tubes of 1-in. OD, each containing 25 gm of pow- 
dered  anorthoclase  and  an  adequate   amount  of the pH9 N H 4 C l  solut ion,   were 
sealed.  The two capsules  were placed inside the 500-ml reactor  +th 
enough water to equalize the pressure inside and outside the capsules.  When 
inserted into the furnace (Figure 2-5) and heated to 5OO0C, the reactor  did 
not  hold  the  pressure,  allowing  the  solution  to  leak  out  of  the  copper  cap- 
sule s. 
It was  noted  that   the  steel  of the  reactor   was  l i t t le   affected by this 
solution. As the purpose of the copper capsules was to protect the steel  
f rom  corrosion,   fur ther   a t tempts   to   synthesize a large  quant i ty  of ammon-  
ium feldspar  within the reactor  i tself  were indicated.  Before proceeding 
fu r the r ,  it w a s   n e c e s s a r y  to ensure  that   the   500-ml  reactor   would  hold  ade-  
quate  pressu ' re  a t  a h igh  enough tempera ture .  The  reac tor  was  ra ted  s t ruc-  
tural ly   adequate   for  35OoC and 12, 000 psi ,   but   careful   considerat ion of the 
tens i le   s t rength  of the  s teel  at  5OO0C indicated  that  it was   a l so   sa fe   for   the  
TABLE 2 - 2  
TABULATION O F  EXPERIMENTS  TO  SYNTHESIZE AMMONIUM FELDSPAR 
Charge Pressure 
Solids I Solution (psi) 
0.67  gm  sanidine 
from  trachyte 
Sanidine  from welded 
tuff 
0. 27 gm aanidine  from 
trachyte 
0.1 gm AlC13. 6 H20, 
0.075 gm ground  Si02 
glass 
Same  as last plus 
0.05 gm KC1 and 
0.05 gm NaCl 
0.1 gm anorthoclase 
0.1 gm anorthoclase 
0.1 gm anorthoclase 
2 ml 16-213% 
NH4C 1 
16-213% NH4C1 
1. 76 ml 16-213% 
NH4C1 neutralized 
by NH40H 
0. 116 mlconc. 
NH40H, 1.2 ml 
H20 
0. 116 ml conc. 
NH40H, 1. 1 ml 
H20 
NH4c  1 
1.4 ml 16-213% 
1.4 ml 16-213% 
NH4C 1, neutralized 
by NH40H 
1.4 m l  16-213% 
NH4C 1, brought  to 
pH9 by NHdOH 
2,000 to 5,000 
(very  slow  leak) 
2,000 to 5,000 
9,800 
14, 200 to  13,900 
14, 200 to  13,900 
~ 14,200  to  13,900 
14,200 to 13,900 
' 14,200  to 13.900 
Temperature 
(OC) 
350 
3 50 
500 
49 0 
49 0 
49 0 
490 
49 0 
40 
40 
70 
87.5 
87. 5 
87. 5 
87.5 
87.5 
Results 
Sanidine  plus  a  few  unidentified 
extra  lines in the  diffraction 
pattern, no NH+ 
Same  as above 
4 
Essentially  the  same  as  above, 
fewer  extra  lines 
No determination  attempted 
Not NH; feldspar 
Essentially unchanged anortho- 
glaa e 
White crystals, completely 
soluble in strong NH40H 
Ammonium feldspar 
Figure 2-4 Reactors  and  Copper  Capsules  Used  for  Producing  Ammonium  Feldspar 
Figure 2-5 Experimental  Apparatus  Assembled  and  Ready  to  be  Placed in Furnace 
condi t ions contemplated.  Several  a t tempts  to  achieve a seal  with only water  
in the reactor failed.  It was concluded that the steel  of the main nut,  which 
is d i f fe ren t   f rom  the   s tee l  of the  body,  was  selected so tha t   acc identa l   over -  
heating  would  cause  enough  diffe'rential  expansion  to  provide a p r e s s u r e   r e -  
l ief ,  prevent ing an explosion from too great  a buildup of pressure .  This  
was   conf i rmed by consultation with the manufacturer of the reactor.  The 
sea l ing   sur faces   were   re f in i shed ,   and  it was  found  that   the  reactor  could 
main ta in  a p r e s s u r e  of at l e a s t  10, OOOpsi at 35OoC. 
Because of th i s   apprec iab ly   lower   t empera ture ,   i t   seemed  l ike ly   tha t  
a longer  time  would be required  to   synthesize  the  ammoniated  fe ldspar   and/  
or  tha t  the  na ture  of the solution would have to be changed. Investigations 
were  then  conducted  in   the  100-ml  reactor   to   es tabl ish  procedures .  
Two samples  were prepared.  One sample contained anorthoclase 
in a pH9, 16-2/3%, NH4C1 solution. The second contained anorthoclase, 
1 gm of NH4C1, 2 m of HZO, and sufficient NHqOH to bring the pH to 8. 5. 
In both  cases ,   the  NH4C1 seemed  to buffer the solution and prevent the at- 
t a inment  of a high pH, without diluting the solution too much. The samples 
were  sea led  in  copper  capsules ,  p laced  in  the  100-ml reactor,  and subjected 
to 35OoC and 10 ,000  ps i  for  48  hr .  Inf ra red  spec t rograms were  made  of 
the  fe ldspar   resul t ing  f rom  these  tes ts .  
The  feldspar  in  the  f irst   sample  was  unchanged  but  that   in  the  sec- 
ond  had  been  converted  to  an  ammonium  feldspar. 
Following this synthesis,  a t e s t  of the 500-ml reac tor  was  made .  In 
this  tes t ,  a mixture  (which becomes a homogeneous solution at  elevated 
tempera tures)   conta in ing   one   par t  NH4C1 to two parts  H20  brought  to pH 8.5 
with NH40H was placed in the reactor i tself  and heated at  35OoC. The solu- 
tion leaked out. It might have been due to rapid heating of the outside of the 
reactor ,   causing  just   enough  expansion  away  f rom  the  cooler   inter ior   to  
open a minute hole.  Once the leak started,  the solution corroded the steel  
at  two points, producing deeply etched pits. The leak might also have started 
f rom  cor ros ion   loca l ized  at  the  highest   s t ress   points   on  the  seal ing  surfaces .  
2. 3 .  6 Ammoniated Anorthoclase 
This   fa i lure   necessi ta ted  extensive  remachining  and  making a new 
sealing ring for the 500-ml reactqr.  To prevent  a leak  f rom reoccurr ing ,  a 
copper capsule was designed and fabricated.  The capsule was fi l led with 
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72 gm of anorthoclase,  4 3 . 5  gm of NH4Cl. 91 m l  of HzO, and 3. 8 m l  of 
concentrated NH40H. A copper   s c rew  was   i n se r t ed   i n   t he   ho le   fo rming 'pa r t  
of the cover and copper welded in place.  The capsule was placed in the re- 
actor  and heated to  35OoC. Water  was pumped in  the reactor  to  maintain 
the   r equ i r ed   p re s su re .  
Pr ior   to   th i s   run ,   the   furnace   was   f i t t ed   wi th   enc i rc l ing   t racks   and  
suppor ted  on  cas te rs  to  permi t  ro ta t ion  of the furnace.  This provided for 
adequate   mixing of the  anorthoclase  with  the  solut ion  and  a l lowed  the  reac-  
t ion  to   proceed  a t  a reasonable   ra te .  
The   f i r s t   morning ,   the   reac tor   reached  a p r e s s u r e  of 2400 p s i   a t  
35OoC and was subsequently pumped to 10, OOO'psi. The  pressure  dropped  
slowly during the day but was pumped back to 10,000 psi .  By the next  morn-  
ing,  the pressure had dropped to  8500 psi .  This  procedure of pumping back 
to pressure  was  cont inued  for  seven  days .  On success ive  days ,  t he  p re s su re -  
drop   gradual ly   decreased ,   sugges t ing   tha t   the   d rop   was   due   to   deformat ion  
of the copper  capsule  and not  to a leak. During the last five days, the pres- 
s u r e  did not drop below 9400 psi .  The reactor had been turned over one 
to   three  t imes  dai ly   during  this   week.  
When  the  reactor  and  capsule  were  opened,  i t   was  found  that   appre- 
c iable   conversion of the  anorthoclase  to   ammonium  feldspar   had  occurred.  
Samples  of the   fe ldspar   were   t es ted  by X-ray  diffract ion  and  infrared  spec-  
trogram. Both indicated partial  conversion to ammonium feldspar.  Be- 
cau.se of the   var iab le   g ra in   s ize  of the  or iginal   anorthoclase,  it was   des i r -  
able   to   determine  whether   the  replacement  of the  potassium  ion by the 
ammonium ion was uniform,  i .  e . ,  whether  large grains  contained the Same 
percentage  of ammonium as  did the small  grains .  This  was done by making 
diffract ion  and  infrared  pat terns  of some  of the  very  f ine  ammoniated  feld- 
spar   which   remained   in   suspens ion   dur ing   the   washing  of the  feldspar  to 
c l eanse  it f rom the  NH4C1 solut ion.  This  f ine elutr ia ted mater ia l  was re-  
covered by f i l t ra t ion.  Their  pat terns  showed markedly more ammonium 
than the sample containing all s izes ,   indicat ing a grea te r   percentage   o f   re -  
placement  of the  f ines .   Since  replacement   proceeds  f rom  the  grain  surface,  
and all grains   were  equal ly   affected,   i t   i s   implied  that   only  the  surface  lay-  
e r s  of la rger   g ra ins   were   a f fec ted .  
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For   compar ison ,   d i f f rac t ion   and   in f ra red   ana lyses   were   made  of 
the untreated anorthoclase,  including crushed bulk,  e lutr ia ted f ines ,  and 
coa r se - s i eved   ma te r i a l .  In addition  samples of t hese   ma te r i a l s   weze  
carefully weighed, heated,  and reweighed to determine the combined per- 
centages of NH3 and Hz0 lost .  The resul ts  were as follows: 
1. Elutr ia ted f ines  lost  5.  31% NH3 and Hz0 by weight 
2. Crushed bulk lost  2. 1870 NH3 and HZO by weight 
3. 120 to 240 m e s h  l o s t  1. 1570 NH3 and Hz0 by weight. 
A fully  ammoniated  feldspar  would  lost  13. 1670 NH3 and  Hz0 by 
weight  during heat ing;  therefore ,  these samples  are  40%, 16-1/2%, and 
8-3/470 ammoniated,  respectively,  based on the assumption that the 
rat io  of ammonium  ion  to  zeoli t ic  water  in  the  partially  ammoniated 
fe ldspar  i s  2 to 1, as in the fully ammoniated feldspar.  
The 72 gm of ammoniated  fe ldspar   were  subsequent ly   f reed  f rom 
copper   and  f rom  some of the  i ron  oxides  by flotation  with  heavy  liquids. 
Some  mater ia l   was  lost   dur ing  this   t reatment .  
2. 3. 7 Ammoniated Orthoclase 
Following the 17 June 1965 meeting in Houston, work began on the 
production of a smal l  amount  of high-purity ammoniated feldspar.  This 
necessitated reconditioning the seals and replacing the seal r ing on the 
100-ml reactor .  The highest  puri ty  fe ldspar  avai lable  f rom The Universi ty  
of Michigan Mineralogical Museum was o'btained for this purpose. The 
specimen,  2. 5 gm of fe r r i fe rous  or thoc lase  f rom Madagascar ,  was  ground 
to  pass  through a 300-mesh nylon screen. Each of three gold capsules  
were  then  f i l led  with 0. 75 gm of or thoc lase ,  0. 05 m l  of concentrated  NH40H, 
0 . 4 0   m l  of H20, and 0. 18 m l  of NH4C1. After  the capsules  were sealed,  
they  were  inser ted  into  the  100-ml  reactor ,   together   with  enough  water  
to  equal ize  the pressure inside the capsules .  The reactor  was heated for  
seven  days at a t e m p e r a t u r e  of 475OC and a p r e s s u r e  of 9900 psi. At the 
end of the  react ion  per iod,   the   capsules   were  opened  and  the  samples   re-  
moved for analysis.  The absorption peaks of the infrared spectrogram and 
the  X-ray  diffraction  peaks  both  confirmed  the  presence of a high  percent-  
age  of ammonium  ion in the  result ing  feldspar.  
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2 .4  FUSION O F  BASALT  GLASS 
The  occur rence  of a na tura l   g lass   on   the   moon ' s   sur face   i s   no t  un- 
l ikely.  Such disordered mater ia l  is  very unstable  and given extended 
t ime,  even at  the relat ively low maximum lunar  temperatures ,  order ing,  
with  the  formation  and  growth of c rys ta l l i t es  of fe ldspar   and  Si02  poly-  
morphs,  is  l ikely to  occur .  It was therefore decided to test  a s imula ted  
na tura l   g lass   (anhydrous) .  
The   basa l t   g lass   was   a l so   p roduced   in   the   l abora tory  by Dr. Cloke, 
a s s i s t e d  by Dr. William C. Kelly. Approximately 300 gm of a n a t u r a l  
occurr ing basal t  were crushed into 1/2- in .  f ragments ,  placed inside a 
la rge   g raphi te   c ruc ib le ,   and   hea ted   in  a Globar   furnace   a t  a t e m p e r a t u r e  
of 1275OC. After 30 minutes ,  the  basa l t  f ragments  had  fused  in to  a m a s s  
of basal t   g lass .  
2.4. 1 Optical  Microscopic  Analysis  of Basal t  
The composition of t h i s   basa l t ,   a s   de t e rmined   f rom a thin section 
(F igu re  2 -6 )  of the uniform sample,  consis ts  of :  
1. 
2. 
3. 
4. 
5. 
Labradori te   la thsto 0 .4  mm  in   length 50% 
Labradori te   z nedphenocrysts ,  1 m m  5 % 
Pigeonite (2V = 30 , optically posit ive,  birefringence 
about 0. 025). Gra ins  0. 05 to 0. 2 m m  30% 
Opaque  groundmass,   devitrif ied  glass  10% 
Serpentine,   yellow  stainedafter  olivine 5% 
0 
2. 4. 2 P re l imina ry  Exper imen t s  
A pre l imina ry   s e r i e s  of t r ia ls   was  made  in   which  10-gm  samples  
of c rushed   basa l t   were   mel ted   in   mul l i te ,   p la t inum,   and   graphi te   c ruc ib les .  
The  molten  basalt   reacted  with  the  mulli te  crucible,   and  i t   was  extremely- 
difficult  to remove the fused basalt  from the platinum. The graphite,  
however,  could be easily stripped from the basalt  glass after fusion. 
Since  there  was  no  apparent  reduction of the  i ron by the  graphite,   the 
graphi te   crucibles   were  selected  for   fur ther   product ion.  
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2. 4. 3 Basa l t  Glass  Product ion  
Three  hundred  grams of the  basa l t  were  c rushed  in to  1 /2- in .  
f ragments ,  and the sample was loaded into a la rge  graphi te  c ruc ib le .  The  
crucible   was  instal led  in  a Globar   furnace   and   hea ted   a t  a t empera tu re  of 
1275OC for  30 minutes.  The crucible containing the molten basalt  was re- 
moved from the furnace and air-cooled to  room temperature .  The resul t  - 
ant   glass   was  subsequent ly   ground  in  a dry   n i t rogen   a tmosphere .  
2.5  IRRADIATION O F  PLAGIOCLASE 
The   i r rad ia ted   p lag ioc lase   was   se lec ted   for   t es t ing   in   the   s imula ted  
lunar   environment ,   because it was hoped that the radiation would induce 
s t ruc tu ra l  d i so rde r  wh ich  would be detectable in X-ray photographs. The 
long- te rm  s imula t ion   ( low  pressure   and   tempera ture   change)  of the   lunar  
environment might then have had one of two effects.  I t  could promote re- 
o r d e r i n g ,   o r  it could  promote  o ther  s t ruc tura l  changes ,  such  as  loss  of 
Na o r   Ca ,   s ince   t he   s t ruc tu re   was   i n  a disordered  high-energy  s ta te .  
A pure   l abrador i te   was   se lec ted   for   i r rad ia t ion ,   g round  to  100 mesh ,  
and loaded into quartz tubes. The ends of the tubes were fused to make 
them  water t igh t ,   and   the   samples   were   i r rad ia ted   in   the   Ford   Nuclear  
Reactor   a t   The  Universi ty  of Michigan, a 2-Mw swimm5ng-pool research 
reactor .  A total  neutron exposure of 1018 neutrons/cm2 (E > 0. 1 MeV) 
was  used. 
2. 5. 1 P r e l i m i n a r y  T e s t s  
The   reac tor   personnel   were   wary  of i r rad ia t ing   a l l   the   samples  
at   one  t ime  as  they  had  no  previous  knowledge of the  thermal   expansion 
proper t ies  and  mois ture  conten t  of labradorite.  As a precaution, they 
exposed  a   small   sample (64 mg) of 100-mesh   labrador i te   a t   the   core  
face  for  1 h r  to estimate the induced radioactivity.  Sodium-24 was the 
main radioisotope produced,  ar is ing from two react ions:  
A127 (n, a) Na 
24 
Since  Sodium-24  has a half-l ife of 15 h r ,  its radioactivity  decayed in l e s s  
than a week. No o ther  prominent  gamma-emi t t ing  i so topes-were  de tec ted .  
A smal l   amount  of longer- l ived  P-act ivi ty   was  noted,   however ,   and attri- 
buted to the   p resence  of Calcium-45. 
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A 30-hr   neutron  exposure  was  then  made of a tube  containing a l a r g e r  
amount  of powdered labradori te .  Examinat ion of th i s  sample  by r e a c t o r  
personnel   indicated  that  all the  remaining  tubes of labradorite  could  be irra- 
diated  simultaneously  for 30 hr   with  safety.  
2. 5. 2 Sample  Exposure  
A total   neutron  exposure of 1OI8 n e u t r o n s / c m 2   ( E  > 0. 1 MeV) was 
used  for  the  sample  i r rad ia t ions .  Pas t  s tud ies  have  shown tha t  10 l8  neut rons /  
cm2   o r   more   a r e   u sua l ly   r equ i r ed   t o   p roduce   c rys t a l l i ne   damage ,   wh ich   can  
be detected  and  studied by X-ray  diffraction  techniques.   The  maximum 
fast-neutron f l u x  in   the  Ford  Nuclear   Reactor   is   approximately  1013  neutrons/  
c m  / s e c  ( E  > 0. 1 Mev). Thus, to achieve a higher total exposure (of 1019 
to lo2'  neutrons/cm ) requi res  a considerably longer period of i r rad ia t ion  
and, consequently, a much grea te r  expense  for  ren ta l  of the reactor .  
: 
2 
2 
2. 5. 3 Radiation Hazards 
After 30 h r  at  the core face,  the tubes of labrador i te   were   removed 
from  the  reactor  and  allowed  to  cool  (14  days)  unti l   the  short-l ived  (15  hr)  
N a Z 4  had  decayed  to  an  undetectable  level. A 22. 3-mg  sample of t h e   i r r a -  
diated  labradorite  was  counted  in a windowless  gas  f low  proportional  counter.  
With an  assumed  eff ic iency of 500/0, the   gross   beta   act ivi ty   was  calculated at 
2. 3 x 10-3  pc/mg.  
on 
1. 
If 
This  same sample was also placed on a spec t rometer ,   where   the  
l y  peaks that could be ident i f ied  were  f rom  Fe59  (gamma  energy 1. 09 and 
289 Mev).  The  quantity of Fe59  was  appraised  a t   about  8. 4  x pc /mg .  
it i s   assumed  tha t .   a l l  of the  beta  activity is due  to  Ca45  (half-life of 
160 days)  a person  would  have  to  ingest 12. 9 gm of the  i r radiated  labradori te  
to   consume  an  amount   equal  to the   maximum  permiss ib le  body burden, i. e. , 
30 pc.   This   assumes a specific  gravity of 2. 3  x pc /mg,   as   fo l lows:  
30 pc 
- 3  
2. 33 x 10 p.c/mg 
= 12.9  gm. 
As an   ae roso l ,  a dust load of 1. 2 m g / f t  of labradorite would be required 
to  produce the maximum permissible  concentrat ion for  insoluble  Ca45.  To 
prevent   the   spread  of troublesome  contamination, it was   recommended  tha t  
the  tubes of i r rad ia ted   l abrador i te  be opened  in  dead air space   such   a s  a 
glove box. 
3 
.I. 
-8- A. Guinier ,  "Mise En Evidence Des DeFauts  Cris ta l l ins  Per  Les Rayons X, " 
Radiation  Damage  in  Solids,  ed. by D. S. Bill ington,  Proceedings of the  Jnter-  
national School of Phys ic s  (Enr i co  Fe rmi ) ,  Academic  P res s ,  1962. 
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2 . 6  SAMPLE PREPARATION 
All minera l   spec imens ,   wi th   the   except ion  of ca lc ium-montmor i l lo -  
n i te ,   were   rece ivedfrom  suppl ie rs   in   f ragments   ranging   in   s ize   f rom 4 to 
10 cm. The two pounds of calcium-montmoril lonite arrived as finely 
powdered  mater ia l .  
2.6. 1 Rock  Tr immer  
A rock   t r immer   was   used   to   b reak   the   l a rge   f ragments   in to   more  
workable  par t ic les ,  on  the  order  of 1 cm.  Considerable  care  was taken 
not  to  introduce contaminat ing substances.  The larger  impuri t ies  were 
removed  at   this  stage.  
Samples  were then fur ther  reduced to  1/2-  to 1/4-cm part ic les .  
Except   for   the  calcium-montmori l loni te   and  the  muscovi te ,   a l l   minerals  
were crushed to  this  s ize  in a la rge  porce la in  mor ta r .  Af te r  c rush ing ,  
the  f ragments   were  screened  to   an  8-mesh  s ieve  to   remove  the  f ines .  
This  was  done  to  prevent  contamination of the   minera l   wi th   abraded   porce-  
l a in .   The   c rushed   ma te r i a l   was   t hen   t r ans fe r r ed   t o  a la rge   watch   g lass  
and  microscopic   (15X)  and  ( in   some  cases)   X-ray  diffractometer   analyses  
were  per formed to  assure  minera l  pur i ty .  All  f ragments  showing impuri t ies  
were discarded.  Table  2 -3  shows the impurit ies associated with the 
mine ra l s .  
2.6. 2 Mica  Books 
The  preparat ion of muscovi te   differed  somewhat ,   because  i ts   per-  
fect   c leavage  and  different ia l   hardness   make it extremely  difficult   to  crush..  
P repa ra t ion  of the  muscovite  samples  entailed  spli t t ing  the  mica  books,  
examining the sheets under a microscope,  and reducing the sheets  to  the 
1 /4-cm  s ize  by cutting  with  a  pair of s c i s s o r s .  
2. 6. 3 Mor tar  and  Pes t le  
As shown in Figure 2-7,  the processing descr ibed above appl ies  to  
all of the   minera ls   except   the   ca lc ium-montmor i l lon i te   and   muscovi te .  
Since  the  porcelain  bal l   mil l   (Figure  2-8)   which  was  to   be  used  for   thef inal  
grinding  was  incapable of handling  particles of a s i ze   g rea t e r   t han   8 -mesh ,  
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Impur i ty  1 
Ta lc  
Oxidized F e  and a 
clayey material  
Chrysot i le  
None 
None 
None 
None 
None 
None 
Rutile 
None 
Analci te   and  c lay 
None 
None 
-# 
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Mica  Gr nder  Ste l  Mortar & Pest le  
& Muscovite 
d 
Reduction of Talc  Reduction  to 8 Mesh - 1 
Grinding, Done With 
A Ball  Mill  Loaded in 
Dry N Atmosphere 2 
~~ 
t 
Sieving 
Shaking  Table  in  Dry N2 
Atmosphere 
t - 
Weighting & Sealing 4 - 
" in Containers , Dry N2 
Atmosphere  Anorthoclase 
NH4-Feldspar 
Irradiation 
Minerals   (4   - IO-cm  Fragments)  
Basalt,  Tektite,  Actinolite,  Antigorite, 
Natrolite,  Talc,  Anorthoclase,  Plagioclase 
Muscovite  Calcite,  Goethite,  Gypsum,  Hematite, 
Calcium- 
Montmorillonite 
(Powdered) 
Figure 2-7 Flow  Chart of Mineral   Processing 
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F i g u r e  2-8 Equipment Used t o   Pu lve r i ze  and C r u s h  Samples 
i t   was   necessa ry   t o   r educe   t he   mine ra l   f r agmen t s  still fur ther   before   f ina l  
grinding could be init iated.  Because abraded porcelain would pass through 
an 8-mesh s ieve along with the mineral  sample,  comminut ion to  this  s ize  
was  accomplished  through  the  use of a s m a l l   t o o l - s t e e l   m o r t a r   a n d   p e s t l e ,  
thus precluding contamination. A s i l i con -ca rb ide  ab ras ive  was  used  to  c l ean  
oxid ized   Fe   f rom  the   c rush ing   sur faces  of the   s tee l   mor ta r   and   pes t le .  
P a r t i c l e s  of a s ize   l ess   than   8-mesh   have  a tendency  to   absorb  water  
( this  tendency  increases  inversely  with  part ' icle  size).   Therefore,  an f u r t h e r   r e -  
duct ion  was  carr ied  out   in  a dry  ni t rogen  a tmosphere  within a d r y  box. 
See  F igure  2-9. 
Preparatory  to   f inal   gr inding,   two  minerals   were  placed  in   the  dry 
box along  with  the  two  porcelain  jars,  a supply of porcelain  balls,   and  two 
large  watch  glasses.   The  box  was  then  sealed  and  dry  nitrogen  bled  in  at  
the  ra te  of 1/2 ft3/min. The box contains a volume of abou t  12 f t  , S O  
the  inflow of dry  nitrogen  continued  for  about  an  hour until about 30 f t  
of the  gas  had  displaced  the air and  moisture   in   the box. 
3 
Therea f t e r ,  a 200-gm portion of each   sample   to  be ground was 
spread  out  on a watch  glass  and  continuously  agitated  for  about  five  minutes. 
This  reduced  the  amount of air  and  moisture   which  had  a l ready  been  adsorbed 
on the  par t ic les .  
2.6.  4 Ball Mill 
The   minera l   f ragments   were   then   t ransfer red   to   the   porce la in   j a rs ,  
and  charges  of a 5 0 / 5 0  mix tu re  of 1/2- in ,  and 1- in .  porcelain bal ls  were 
added. The size of the charge (general ly  proport ional  to the density of the 
substance  being  ground)  was  selected  to  prevent  the  porcelain  balls  from 
contacting  and  abrading  one  another. 
The  ja rs  were  sea led ,  removed f rom the  dry  box ,  a t tached  to  the  
ba l l  mi l l  d r ive  assembly ,  and  ro ta ted  a t  75 rpm. General ly ,  the reduct ion 
to  loo- ,  200- ,  and 325-mesh fract ions required 24 hr  of gr inding.  For  
some of the  harder  minera ls ,  the  gr inding  process  requi red  48  hr ,  in te r -  
rupted by an  occasional   s ieving of the  fines. 
Talc  and  muscovite  cannot be properly  ground  in  a ba l l   mi l l   un le s s  
an extended per iod of t ime i s  ava i lab le .  These  minera ls  were  therefore  
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Figure 2-9 Sample Preparation in Dry N Atmosphere 2 
ground in a mica gr inder .  The gr inding was done at ambient  condi t ions,  
but  subsequent  sieving  was  performed  in  the  dry  box,  where  the  presence 
of the  dry  nitrogen  helped  remove  some of the  water   adsorbed  during  gr ind-  
ing. 
2, 6. 5 Sieving 
After 24 to 48 h r  of grinding, one of the   j a rs   was   removed  f rom  the  
dr ive   assembly   and   sea led   in   the   d ry  box with a s e t  of Spex  plast ic   s ieves .  
After  the  nitrogen  had  been  allowed  to  displace  the a i r  and  moisture ,   the  
jar  was opened.  The s ieves  were then s tacked in order  f rom top to  bot tom 
( l o o - ,  ZOO-, 325-mesh),  and a charge  of the ground mineral  was added to 
the top sieve.  The stack of s ieves  was instal led on the electr ic  shaking 
take,  and the charge was reduced to i t s  var ious  f rac t ions .  See  F igure  2-10. 
After the sieving operation was completed,  portions of the   sc reened   par t i -  
cles  were  weighed  on a tors ion   ba lance   and   s tored   in   g lass   j a rs   and   v ia l s .  
Table  2-4  shows  how  the  different  fractions  were  used  in  this  study. 
The  glass   jars   and  vials   containing  the  samples   were  removed  f rom 
the dry box,  and the spi l l  was cleared away.  The plast ic  s ieves  were dis-  
mant led  and  c leaned,   and  the  nylon  screens  were  replaced  with  new  ones.  
This  procedure  helped  eliminate  the  possibil i ty of c ross -sample   contamina-  
t ion.  The s ieves  were returned to  the dry box with the second mineral ;  the 
box  was  sealed;  and  the  sieving  and  weighing  operation  was  repeated. 
TABLE 2 - 4  
Use 
NASA-MSC 
Index  sample  for   chemical   analysis  
Vacuum  sample  for   chemical   analysis  
Mass - spec t romete r   ana lys i s  
DTA and TGA 
-~ - 
X-ray   s amples   i n   ambien t   and   vacuum 
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Figure 2-10 Interior of D r y  Box 
Thi 
SECTION 3 
EQUIPMENT AND TEST  PROCEDURES 
s sec t ion   descr ibes   the   equipment   and   procedures  u sed   in   per form-  
ing the tes t  experiments  on the 14 m i n e r a l s .  T e s t . r e s u l t s  a r e  n o t  i n c l u d e d  
in this section. A l l  t es t  resu l t s  a re  presented  in  the  sec t ion  having  the  
appropr ia te   minera l   name  heading .  
3 .  1 OPTICAL MICROSCOPIC ANALYSIS 
Thin  sections of the  fol lowing  specimens  had  been  prepared by 
Mrs.  George Rev, Columbia University:  
1. Actinolite 
2. Anorthoclase - used in the synthesis of NH4 fe ldspar  
3 .  Antigorite 
4. Basa l t  - used in the fusion of basa l t   g l a s s  
5. Basa l t  g lass  
6. Geothite 
7. Hemati te  
8. Labrador i te  - used in  the i r radiat ion of plagioclase 
9. Natrol i te  
10. Talc  
1 1. Tektite. 
No th in  sec t ions  were  p repa red  fo r  ca l c i t e ,  ca l c ium-montmor i l l on i t e ,  
gypsum (seleni te) ,  and muscovi te .  All  but  the montmori l loni te  are  c lear  
s ing le  c rys ta l s .  The  montmor i l lon i te  spec imen was  rece ived  as  f ine ly  
powdered   mater ia l .  As thin  sect ions of these  specimens  would  provide 
no additional information, temporary grain mounts were made instead for 
re f rac t ive  index  de termina t ions  of t hese  and  ce r t a in  o the r  mine ra l s .  The  
r e f r ac t ive   i ndexes   a r e   accu ra t e   t o  * O .  002  and  were  made  with  sodium  l ight.  
Where  re f rac t ive  indexes  were  taken  be tween crossed  polars ,  a s t a t emen t  
to  that  effect is made .  
3. 2 DIFFERENTIAL THERMAL ANALYSIS (DTA) 
For the DTA run, the sample cavity in the furnace block was fi l led 
with nondiluted minerals.  A l l  minera ls  had  been  ground in  dry  n i t rogen  
to   pass  200 mesh   except   the   muscovi te   and   ta lc ,   which   were   g round  in  
a tmosphere,  and the calcium montmori l loni te ,  which was used as  received.  
The reference mater ' ia l  was 9 0 %  A1203 mixed with 10% quar t z ,  so  tha t  
the  " inverted"  quartz   peak  provided a tempera ture   ca l ibra t ion   on   each  
record .  Room tempera tures  ranged  f rom 20 to 2 2  C,  and the relative 
'humidity  was  estimated at 40 to 500/0. 
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A s  the nature  of DTA curves depends to a large degree upon the 
physical   detai ls  of instrumentat ion,   .and  because  there   is  no g e n e r a l   a g r e e -  
ment  upon procedure for  gather ing and report ing the data ,  the per t inent  
a spec t s  of the   ins t rument   used   a re   descr ibed   be low.  
A tes t  sample ,  ranging  in  weight  f rom 50 to 350 mg,  was placed in  
the 1/4- in .  cavi ty  in  a nickel  block (Figure 3- 1).  The  r e fe rence  ma te r i a l  
was then placed next to it,  in a s imilar  cavi ty  in  the same block.  The 
tempera ture   d i f fe rence   be tween  the   re fe rence   mater ia l   and   the   powdered  
mine ra l  was  measu red  by Pt vs .  Pt 10% Rh thermocouples,  28 gauge. 
The furnaces  (Figure 3-2)  are  wound with 77 tu rns  of Chromel-A, 18 gauge, 
on 2- in .  outs ide diameter  (OD) McDanel A V  30 Alumina tubes.  Armstrong 
br icks  insu la te  the  furnaces .  The  furnaces  a re  opera ted  in  air with no 
scavenging  other   than  that   provided by t h e r m a l  air  c u r r e n t s .  
T e m p e r a t u r e   m e a s u r e m e n t s   w e r e   r e c o r d e d   ( F i g u r e   3 - 3 )  by a galvanom- 
e te r   record ing   op t ica l ly   on  a d r u m  of photographic   paper   d r iven   a t  a con- 
s tant  ra te .  Sensi t ivi t ies  of 100, 30, 10,  and 5 pv/cm galvanometer  de-  
f lect ion were avai lable .  The galvanometer  was cr i t ical ly  damped.  Furnace 
t e m p e r a t u r e s   w e r e   m e a s u r e d  by means  of a Chromel-Alumel   couple   in   the 
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Figure 3-1 Nickel Block Loaded With Minera l   and   Reference   Mater ia l  
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Figure 3 - 3  Temperature Recording System 
nickel block. The cold-reference junction was placed in water in a the rmos  
f lask .  The  water  tempera ture  was  read  to  0. l0C with a m e r c u r y  t h e r m o m e t e r .  
The   furnace   t empera ture   was   increased  at  about   13OC/minute   over   the 
t empera tu re  r ange  of 100 to about 1000°C. Control was achieved by a 
synchronous   mo to r -d r iven   va r i ab le   au to t r ans fo rmer   wh ich   l i nea r ly   i nc reased  
the voltage from about 65 to about 130 v in 88 minutes.  This produced a ve ry  
n e a r l y   l i n e a r   t e m p e r a t u r e   i n c r e a s e   a s  a function of time. 
Furnace   t empera ture   ca l ibra t ion   was   accompl ished   essent ia l ly   as   de-  
s c r ibed  by Faust:'. A temperature  cal ibrat ion point  at  573OC of the reference 
sample,  composed of 90% A1 0 and 10% quartz by weight, is included on 
each  DTA curve.  
2 3  
The   recorded   tempera ture   was   measured   in   the   n icke l   b lock ,   and   the  
cal ibrat ion was within the reference mater ia l .  The actual  sample tempera-  
ture   during  react ion  may  be  obtained by adding  the  appropriate   AT  to   the 
recorded  T. In p r a c t i c e ,  r e a c t i o n  t e m p e r a t u r e s  a r e  r e p o r t e d  a t  p e a k  v a l u e s ,  
cor rec ted   for   nonl inear i ty  of couple  response  but  not  corrected  for  sample 
tempera ture .  The  accuracy  of the data  is  f 5 C o r  better.  0 
The temperature  differences corresponding to  1-cm DTA galvanometer  
def lect ion  for   the  sensi t ivi t ies   used  may be obtained  f rom  the  cal ibrat ion 
curve shown in Figure 3-4.  By way of comparison, the following peak 
heights   are   obtained  f rom  the  low-high  quartz   inversion:  
Scale  ( p v /  cm). Height (cm) 
100 0. 1 
30 0. 3 
10 1. 0 
5 2. 0 
3 . 3  THERMOGRAVIMETRIC ANALYSIS (TGA) 
Minera l   samples ,   in   about   the   same  amounts   as   used   in   the  DTA runs ,  
were suspended in a ve r t i ca l  fu rnace  s imi l a r  t o  the  DTA furnaces .  A 
.L , 
-0 
" Am. Min., 1948, V. 33,  pp.  337-345. 
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Figure  3 - 4  Calibrat ion  for   Measurement  of A T  Pt vs. 
Pt 10% Rh 
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Chromel-Alumel   thermocouple   was   p laced   about  5 mm  below  the  plat inum 
bucket  which contained the sample.  The heat ing rate  and the temperature  
r eco rd ing   were   t he   s ame   a s   fo r   t he  DTA. 
Weight  recording  was  accomplished  through  the  same  galvanometer 
that  was used for  the DTA recording.  The thermogravimetr ic  balance 
(F igu re  3-5)  u s e d   i s  a knife edge analytical balance. It i s  of deflecting- 
beam design with magnetic damping. A mir ro r  con t ro l s  t he  pos i t i on  of a 
l ight beam which i l luminates a cadmium sulfide cell in a br idge   c i rcu i t  
supplied by a pa i r  of mercu ry   ce l l s .  
The l ight  source,  a 6-v   l amp  opera ted  at  about 230 ma,   was   powered  
by an  automobile   s torage  bat tery  which  is   charged  through a si l icon  diode, 
res i s tance  lamps ,  and  a sma l l  va r i ab le  au to t r ans fo rmer .  Pho toce l l  
monitor ing of the  blocked  balance  beam  showed  the  light  output  to  be  free 
of long-   and  short- term  dr i f t .  
During  heating, a d r i f t  of about 1. 65 mg  apparent   weight   loss   dur ing  
a normal   run  was  obtained  which  was  due  to  air  cu r ren t s   i n   t he   ve r t i ca l  
system.  Weight   change  was  measured  to   an  accuracy of 1 mg  with a 
sample  load of 100 mg. 
Ini t ia l   temperature   cal ibrat ion  was  done by placing a DTA couple in 
quartz  in  the sample bucket .  The resul ts  were checked against  the wel l -  
known calcium oxalate  monohydrate  pyrolysis  curve.  Accuracy is es t imated  
a t  f 10°C o r   b e t t e r .  
3 . 4  MASS SPECTROMETER ANALYSIS 
The objectives of th i s  ana lys i s  were :  (1) to  determine the s tabi l i ty  
c h a r a c t e r i s t i c s  of the 14 t e s t   s amples   unde r   t he   ex t r emes  of high  tempera-  
tu re   and   low  pressure ,   and  (2 )  to identify the constituents being volatilized. 
Moreover ,   in   cont ras t   to   the i r   ca lcu la ted   s tab i l i ty   under   equi l ibr ium  con-  
di t ions,  these experiments  revealed the behavior  of the specimens under  
dynamic condi t ions.  The mass spectrometer  used in  this  invest igat ion was 
the Bendix Time-of-Fl ight  (TOF) Mass   Spec t romete r   (F igu re  3-6) .  
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F i g u r e  3-5 R e c o r d i n g  B a l a n c e  a n d  F u r n a c e  Ea* TGA 
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F i g u r e  3 - 6  Genera l   View of Bend ix   TOF Mass Spec t romete r   and   Aux i l i a ry   Equ ipmen t  
3. 4. 1 Bendix  TOF Mass  Spec t rometer  
The  Bendix  TOF  Mass  Spectrometer   consis ts  of four   bas ic   e lements :  
(1)  an  ion  source  to   produce  ions of the   molecular   spec ies   en te r ing   the  
ionization region, ( 2 )  a gr id  system that  draws the ions from the ion source 
and  accelerates   the  ions  down  the  dr i f t   tube,  (3 )  a drift tube for c0nfinin.g the 
ion  'hacket"   and  supplying  the  dis tance  required  to   separate   ions  according 
to   mass /charge   ra t io ,   and  (4) an  ion  detector   to   col lect   the   ions  and  measure 
their  intensity.  
Themate r i a l   t o  be analyzed is heated  in a quar tz   c ruc ib le   tha t   res t s  
in the coils of a tungsten filament. The center of the crucible is sealed,  
forming a lower  sect ion  where a Chromel-Alumel   thermocouple   i s   inser ted ,  
and  a n  upper  sect ion which contains  the mineral  sample.  A s  the  tempera ture  
r i s e s ,  vapor s  a re  gene ra t ed  d i r ec t ly  in  the  sou rce  r eg ion  and  r i s e  in to  the  
path of an   e l ec t ron   beam,   wh ich   pas ses   ac ross   t he   t op  of the  crucible   normal  
to  the  centerline.   The  electron  beam,  which  lasts a f rac t ion  of a 
microsecond,  ionizes  the molecules .  After  this  beam is  turned off ,  the  
gr id   system  is   pulsed by a fixed potential of 2700 v to  eject   the  result ing 
ionized  molecules   into  the  accelerat ing  region.  
I t   has  been  established  that   the  t ime of fl ight,   for  an  ion  is  a function 
of i t s  mass  and  charge .  If the electron beam is energetic enough to singly 
ionize a molecule,  the t ime of flight is reduced to a function of mass .  That  
i s ,   the   t ime of flight is a function of the  square  root  of twice the atomic 
weight: T = K m .  If, however,   the  ion  is   multiply  charged,  the  t ime 
flight is expres sed  a s  T = K - , where  n represents  the  charge .  
K i s  a constant  depending  upon  physical  dimensions. 
4"KZ 
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As a consequence, the ions reach the collector cathode a t  the end 
of the  drift   tube  in  ion  groups of t he   s ame   mass .  As each  of the ion groups 
s t r ikes  the col lector  cathode,  a r e l ease   o f   s econda ry   e l ec t rons   occu r s .  
These   secondary   e lec t rons   a re   ampl i f ied  by means  of an   e lec t ron   mul t ip l ie r .  
The  amplified  voltage  pulse is then  del ivered  to   the  ver t ical   input  of an  
osc i l loscope   in   the   cor rec t   mass- t ime  sequence ,   resu l t ing   in  a scope   spec-  
t rum  with  the  mass   peaks of the  l ighter  ions  on  the  left   and  the  peaks of 
the heavier ones on the right.  The oscil loscope functions only as an aid 
in  loca t ing  par t icu lar  mass  peaks .  Quant i ta t ive  measurements  a re  achieved  
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th rough  the   use  of an   ana log   sys tem,   which   permi ts   the   record ing  of mass 
spec t r a  o r  mass  r a t io s .  The  ana log  cons i s t s  of a n  e l e c t r o m e t e r ,  a va r i ab le  
ga te  pulse ,  and  a scan  r a t e  con t ro l  c i r cu i t .  Th i s  sys t em a l lows  the  ope ra to r  
t o   m o n i t o r   o n e   m a s s   p e a k   o r   s c a n   t h e   e n t i r e   s p e c t r u m  at v a r i a b l e   t i m e   r a t e s .  
3. 4. 2 T e s t  P r o c e d u r e  
The  procedure  fol lowed  in   analyzing  the  14  samples   is   descr ibed 
below: 
1. 
2. 
3. 
4. 
A new  c ruc ib le   was   emplaced   in   the   co i l s  of the  heating  f i lament 
assembly mounted on the end of the probe.  (The probe is  not  
v i s ib le  in F igure  3-6). The  probe  was  then  inser ted  in  the  fore  
vacuum chamber,  and preliminary pumpdown was begun. After 
evacuat ing   the   forechamber   to   d r i f t   tube   p ressure   (be low 
1 x 10- 6 to r r ) ,   the   ba l l   va lve   separa t ing   the   forechamber   f rom 
the  drift   tube  was  opened  and  the  probe  was  pushed  into  the 
source region.  
The  f i lament  power  was  turned  on  and  the  crucible  baked  out  at  
5OO0C f o r  10 minutes .  This  was  necessary  to  dr ive  off any 
vola t i les   conta ined   in   the   c ruc ib le   o r   adsorbed   on   the   p robe  
head. 
After bakeout,  the probe was withdrawn from the mass spectrom- 
eter ,   and  then  the  crucible   was  removed  and  weighed  on a Cahan 
Microbalance.  A sample  of the  minera l  ( less  than  200 mesh)  was  
careful ly  deposi ted in  the crucible ,  and both the crucible  and 
sample were weighed.  By tar ing,  the sample weight  was ac-  
cura te ly  es tab l i shed .  It should be noted that sample weights ranged 
f rom 200 to 1200 m i c r o g r a m s  (pg). 
With the crucible returned to the probe and the probe reinserted 
in to  the  source  reg ion ,  the  mass  spec t rometer  was  reac t iva ted ,  
The analog system was adjusted to  monitor  mass  peak 18 (water) .  
Pumping continued until the 18-peak returned to a stable level.  
This  indicated that ,  in  general ,  the  moisture  accompanying the 
probe  inser t ion  had  been  pumped  out  of the  dr i f t   tube  and  source 
region. 
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5. After  the water  level  had s tabi l ized,  l iquid ni t rogen was added 
to  the cold t rap.  The gear  dr ive was then connected to the 
rheos ta t   cont ro l l ing   the   f i l ament   cur ren t ,   and   the   f i l ament  
power was turned on. The gearing of t he  rheos t a t  i nc reased  
the  t empera tu re  a t  a r a t e  of 6 deg/min .  As a resu l t ,  the  average  
run f rom  ambien t   t empera tu re  (27OC) to 1000°C lasted  approxi-  
mate ly  three  hours .  The  e r t inent  por t ion  of the  spec t rum was  
s c a n n e d   a t   i n t e r v a l s  of 15 C;  t e m p e r a t u r e s   w e r e   r e c o r d e d  
manual ly  by reading  the  output   f rom  the  potent iometer ,   convert ing 
the  reading  to   degrees   cent igrade,   and  not ing it on  the  s t r ip   char t .  
8 
6. Upon completing a run,  the crucible  was again weighed to  deter-  
mine  the  weight  loss of the  sample,   and  the  char t   was  examined 
f o r   i n c r e a s e s   i n   c e r t a i n   m a s s   p e a k s   o r   t h e   a p p e a r a n c e   o f   n e w  
peaks. If the la t ter  occurred,  the composi t ion of the substance 
was identified and another run was made on the same mineral .  
However ,  in  this  run,  the scanner  was locked on the desired 
peak. The course of the reaction was followed throughout the 
tempera ture  r i se .  This  procedure  provides  the  fo l lowing  informa-  
t ion,  namely,  the temperature  a t  which vaporizat ion takes  place 
and  the  amount of gas  given off by the  sample  which is propo.rtiona1 
to   the  area  under  a peak  height-vs . - t ime  curve.  
3. 5 X-RAY DIFFRACTION ANALYSIS 
The  pr imary  object ive of this   analysis   was  to   evaluate   the  s tabi l i ty  
of the 14 tes t   samples   while   exposed  to   temperature   and  vacuum  condi t ions 
s imulat ing those of the lunar  environment .  The f i rs t  par t  of the investiga- 
tion was to determine the effects of temperature   cycl ing  on  mineral   s tabi l i ty ,  
whereas   the   second  par t   was  to e s t ab l i sh   more   p rec i se ly   t he   t empera tu res  
at  which changes took place.  Phase I concerned  a l l  14 s a m p l e s ;  P h a s e  I1 
involved  just 6 s amples .  
To conduct   these  experiments   under   thermal   vacuum  condi t ions  s imu- 
lating  those of the  moon, it was   necessa ry  to  modify  an  ultrahigh  vacuum 
sys t em  wi th   an   u l t ima te   p re s su re  of 5 x t o r r ,  to  design  and  build 
a thermal   cont ro l   sys tem  wi th  a capability of providing  the  extremes of 
lunar   temperature ,   and  to   design  and  bui ld   an  X-ray  camera  that   could 
monitor  the  samples  while  they  were  being  subjected to the   s imula ted   lunar  
environment .  Many problems were encountered in  the vacuum technology,  
tempera ture  ins t rumenta t ion ,  and  X-ray  photography,  bu t  were  successfu l ly  
overcome  in   the  course  of   the   program. 
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3. 5. 1 Ultrahigh Vacuum System 
X-ray   pa t te rns   were   made   on   the   14   samples   whi le   they  w e r e  ex- 
posed  to  s imula ted  lunar  tempera tures  and  pressure .  The  samples  were  
ins ta l led   in   an   u l t rah igh   vacuum  sys tem  (F igure   3 -7)   manufac tured  by 
Var ian  Assoc ia tes .  The  sys tem cons is ted  of a small c r o s s - c h a m b e r  a n d  
a 50 l i t e rs / sec   ion   pump  coupled   to  a t i tanium  sublimation  pump of 
500 l i t e r s / s e c .  Al l  f langes and connect ions were copper-gasketed in  the 
ltConflat" configuration. A zeol i te  t rap  w a s  connected to the mechanical 
pump used for init ial  pumpdown or "roughing".  A cu r ren t  me te r  i n s t a l l ed  
on   the   base   pane l   measured   the   ion   pump  cur ren t ,   which  i s  proportional 
to the pressure.  In addition, a magnetron-type ionization gauge (Redhead) 
was installed in the vacuum chamber.  This gauge is capable  of detecting 
p r e s s u r e s  down  to   the  torr   ange.   The  tes t   se tup is  shown  in 
F igure   3 -8 .  
3. 5. 2 Bendix X-Ray Camera 
A s p e c i a l   c a m e r a   ( F i g u r e  3 - 9 )  w a s  designed  and  buil t   that   could 
take  X-ray  diffract ion  pat terns  of the  minerals   while   they  were  exposed 
to   the  vacuum  environment  of t h e   c r o s s - c h a m b e r .  
The   X- ray   camera   hous ing  w a s  specially  devised  to  provide a thin 
beryllium window strip. The beryllium window w a s  required to  provide 
t ransparency  for  the  X-ray  d i f f rac t ion  beam to  the  f i lm.  The  bery l l ium 
window was bonded to the 304 s ta inless   s teel   housing  with a s i lver-vacuum 
furnace braze.  The housing configuration is depicted in  Figure 3-10.  
Dur ing  Phase  I, I l ford X-ray Film w a s  used. It was enclosed in  
a light-tight envelope and w a s  wrapped around the beryllium window. An 8 
to 10 hour  exposure  t ime was  requi red  to  obta in  a good pattern. In 
P h a s e  11, Kodak Roy$l Blue X-ray Film backed by an intensifying screen 
w a s  used. A 1 -1 /2  hour  exposure  t ime  w a s  r equ i r ed  fo r  a photograph of 
quali ty equivalent to the Phase I photographs.  The Phase I1 film w a s  
processed  in  a modified  Kodak  D-19  developer  at  a t e m p e r a t u r e  of 75OF. 
More  f requent   monitor ing of the samples w a s  possible   than  in   Phase I. 
Photographs  obtained  using  the  mater ia l  of l e s s   t han   325   mesh  
were not  a lways sat isfactory for  all specimens.  Although samples  were 
ground to a s ize  usual ly  prescr ibed for  powder  photographs,  the dis t r ibu-  
tion of s izes   was   such   tha t   there  w a s  a l a r g e   f r a c t i o n  of crystal l i tes   with 
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F i g u r e  3-7 Bendix  Ul t rah igh  Vacuum Sys tem 
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Figure 3 - 9  X-Ray  Camera Unit  Attached to Ultrahigh Vacuum System 
Sample 
Figure  3-10 Camera Housing and Sample Holder 
I 
sizes only sl ightly less than 325 mesh. Photographs of some  samples  
were   very   spot ty ;  i. e. , powder  diffract ion l ines  were very poorly def ined.  
I t  was  necessary ,  s ta r t ing  wi th  the  less  than  325  mesh  samples ,  to  con-  
t inue gr inding.  Grain s ize  w a s  es t imated to  be at  l e a s t  500 m e s h  on the 
average .  
Except for the geothite and hematite,  al l  samples were mounted in 
0. 2 -mm-d iame te r  g l a s s  cap i l l a r i e s .  Expe r imen t s  w i th  va r ious - s i zed  
capi l lar ies   showed  that   absorpt ion of the  X-ray  beam  was  excessive  for  
la rger  samples ,  bu t  i t  was  des i rab le  to  p lace  as  la rge  a sample  a s  poss ib l e  
in  the  beam  path  in  order  to  obtain  well-defined  powder  l ines  without  spots 
of h igh  in tens i ty  f rom la rge  s ingle  c rys ta l l i t es .  The  0. 2-mm size with 
Cu K, radiation gave optimum conditions for all  except the iron oxides,  
which are  highly absorbing.  Sl ight ly  smaller  capi l lar ies  were chosen for  
the goethite and hematite,  which were exposed to Mo K, radiation. 
The  resul t ing  pat terns   are   a l l   sa t isfactory  with  the  fol lowing  qual i -  
f ications : 
1. Because of the inabili ty to rotate samples,  a re la t ive ly  la rge  
d iameter  X-ray  beam col l imator  and  la rge  samples  were  re -  
quired to obtain well-defined diffraction l ines.  This has resulted 
in lines being relatively broad. This effect has undoubtedly been 
augmented by l ine  broadening a s  a function of sma l l   pa r t i c l e  
s ize .  The  resu l t s  a re  en t i re ly  sa t i s fac tory ,  however ,  and  wel l  
within  the  predicted  l imits of broadening. 
2.  A very few samples ,  despi te  the care  taken i n  obtaining minimal 
grain s ize ,  produced save spot ty  charac te r  of the l ines.  This 
i s   pa r t i cu la r ly   t rue  of act inol i te   where  the  spots   can be a t t r ibu ted  
to  the excel lent  pr ismatic  c leavages resul t ing in  e longated 
c rys ta l l i t es ,   and   par t ia l ly  to the preferred orientation of the 
c rys t a l l i t e s .  A l l  photographs  a re  readi ly  in te rpre tab le ,  however .  
3. 5. 3 Debye-Sche r re r  Camera  
A l l  tes t   samples   were  photographed  with a s tandard  57.   3-mm- 
d iame te r  Debye-Sche r re r  camera .  Exposures  l a s t ed  fo r  approx ima te ly  
3 hr ,  except  for  the tekt i te  and basal t  glass .  The two exceptions had 
longer   exposures   to   faci l i ta te   the  possible   detect ion of smal l   amounts  of 
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crys ta l l ine  phases .  The  hemat i te  and  goe th i te  photographs  were  taken  
with Fe Ka radiat ion  to   obtain  bet ter '   l ine   resolut ion  and  to   avoid  f luorescence 
with  i ron-containing  samples;   Cu K, radiat ion w a s  used  with  the  other 
specimens.  
The  Debye-Scher rer  photographs ,  t aken  a t  room tempera ture  and  
p r e s s u r e ,  s e r v e d  a dual purpose: 
1. They provided s tandard pat terns  as  obtained under  normal  
operating conditions. This is pa r t i cu la r ly  impor t an t  fo r  s eve ra l  
of the  mineral   phases ,   which  under   natural   condi t ions  show  wide 
ranges in  sol id  solut ion.  Their  powder  photographs,  therefore ,  
were   l ike ly  to exhibi t   s ignif icant   var ia t ions  f rom  those  publ ished 
in  the l i terature  a s  s tandard pat terns .  These var ia t ions would 
undoubtedly be significant in reference to the possible changes 
brought  about by s t r u c t u r a l   o r   c h e m i c a l   t r a n s f o r m a t i o n s   i n   t h e  
s imulated  lunar   environment .  
2. They confirmed the identification of each  t e s t  mine ra l .  The  
X- pay data   substant ia ted  ident i f icat ions by o ther   methods ,   such  
as  DTA and microscopic examination. The data also provided 
information on the nature of contaminat ing  phases ,  i f  any   occur red .  
Fur thermore ,  d i f f rac t ion  pa t te rns  conf i rmed the  composi t iona l  
data  in  those  phases  which  normally  exhibit   solid  solution  varia- 
tions a s  a function of X-ray l ine posit ion and relative intensity.  
3 . 6  PHASE I1 EXPERIMENTS 
The   Phase  I1 exper iments   were   conducted   in   the   Envi ronmenta l   Labora-  
tory of t he  Bend ix  Aerospace  Sys t ems  Div i s ion .  The  sma l l  c ros s -chamber  
and X-ray generator  f rom The Universi ty  of Michigan were used.  The 
X- ray   photographs   were   t aken   wi th   the   Bendix   X-ray   camera   wi th  a spec ia l  
sample   ho lder .  
The  configuration of the   t empera ture-cont ro l led   sample   ho lder   which  
was used in the testing is  shown in Figures  3 -  10 and 3-11 .  Tempera ture  
control  w a s  accomplished  with  counter  f lowing  f luid  in  the  tubular  members 
connected to the sample holder block. In this manner,  intimate proximity 
of f lu id  and  sample  capi l la ry  w a s  provided.  To assure best  heat  conduct ion 
between  the  glass  of the  capi l lary  holding  the  mineral   and  the  s ta inless  
steel   holder  block,  aluminum  foil   was  installed  around  the  capil lary  in  the 
block. 
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Figure 3-11 Mineral Stability Test Setup (Schematic) 
The  sample   ho lder   b lock   a t tachment   to   the   l inear   mot ion   feedthrough 
shaf t   was  designed  for   minimum  heat   conduct ion  to   prevent   temperature  
e r ror .  Addi t iona l ly ,  rad ian t  hea t  t ransfer  be tween the  holder  wi th  samples  
and   sur rounding   chamber   wal l s   was   min imized  by instal la t ion of specu la r  
r e f l ec to r s .  
The   f lu id   conduct ive   hea t   t ransfer   method of s ample   t empera tu re   con t ro l  
necessi ta ted use of  a bellows seal for  the f luid tubes.  Three-fourths  inch 
be l lows   movemen t   was   r equ i r ed   fo r   s ample   movemen t   i n   f ron t  of t he   X- ray  
co l l imators .  The  combined  be l lows  seal and tube guide design is shown in 
F i g u r e  3-  1 I .  The  in t imate  hea t  conduct ion  sample  holder  was  an  outgrowth  
of knowledge  gained  during  init ial   testing. 
Alignment of the   sample   cap i l la ry   for   p roper   f i lm  exposure   was   found 
t.o be highly cri t ical  during testing. A Geiger counter in conjunction with the 
micrometer  head  feedthrough was  used  for  a l ignment .  The  micrometer  d ia l  
reading could be used for  gross  adjustment;  however ,  due to  varying thermal  
conditions,  etc.  , prec ise  f ina l  ad jus tment  was  requi red  before  each  exposure .  
Kodak  Royal  'Blue  X-ray  f i lm  backed  with  an  intensifying  screen  was  used 
during t.he P h a s e  I1 tes ts .  The f i lm was processed with modif ied Kodak D- 19 
deve lope r  a t  75OF. Only 1 -  1 / 2  hour  exposure  t ime  was  r equ i r ed  to  ob ta in  
good quality photographs, so  more  f r equen t  mon i to r ing  was  poss ib l e  than  
in   Phase  I. 
S ix 'mine ra l  s amples  were  t e s t ed  in  Phase  11. These  were  the  h igh  pur i ty  
ammonium  f e ldspa r   ( syn thes i zed   f rom  the   Fe - r i ch   o r thoc la se   f rom  Madaqas -  
car ) ,  ca lc ium montmor i l lon i te ,  goe th i te ,  gypsum,  muscovi te .  and  na t ro l i te .  
A molybdenum X-ray tube was used when photographing the goethite.  The 
tests were  conducted  under  the  following  nominal  conditions:  
1. Reference photographs - r o o m  t e m p e r a t u r e  a n d  p r e s s u r e  
- 10 
2. 5 x 10 tor r ,   l iqu id  N 2  
3. 5 x 10 tor r ,   l iqu id  C 0 2  
4. 5 x 10- l '  t o r r ,  r o o m  t e m p e r a t u r e  
- 10 
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6. 5 x 10 - l '  t o r r ,  13OoC 
7. 5-psia oxygen atmosphere,  100% relative humidity,  32OC, 
4 days '   exposure .  
The  tes ts   were  conducted  during  the  per iod  f rom 21 September   to  
15 November 1966. Difficulty was experienced in maintaining 5 x IO- l o  t o r r  
in  some of the tes ts .  The first tes t  with the l iquid ni t rogen required seven 
days to achieve the required vacuum. The init ial  pumpdown or ' !roughing' '  
p roceeded   a t  a very  slow  rate  to  avoid  the  possibil i ty of an  explosive 
react ion of the sample powders.  Liquid nitrogen was introduced with the 
p r e s s u r e  a t  1. 2 x m m  of Hg. After  the  required  vacuum of 5 x 1 0 - l '  t o r r  
was maintained for  a 24-hr  s tabi l izat ion per iod,  the X-ray photographs were 
taken. During the installation of the C02 l ines  and introduct ion of the  C02,  
a s l i gh t  p re s su re  r i s e  occur red .  The  r equ i r ed  vacuum was  aga in  a t t a ined  
and  the  X-ray  photographs  taken. A p r e s s u r e   r i s e   t o  1.  7 x t o r r   o c c u r r e d  
af ter  the CO l ines  were disconnected in  preparat ion for  the room tempera-  
t u r e  t e s t s .  A vacuum of 4. 7 x 10- l o  torr  was attained, and X-ray photo- 
graphs were taken. The photographs for the tests a t  75 C were  t aken  a t  
2. 7 x 1 0 - l '   t o r r .   T h e   p r e s s u r e   r o s e   f r o m  4. 9 x 10-l '   to 9 x t o r r  
when the hot silicone oil producing the 130 C temperature  was introduced.  
The pressure   was   reduced   to  7 x 10- l o  to r r   and   s tab i l ized   and   the  X- r ay  
photographs  taken .  The  very  s l igh t ly  increased  pressure  occurr ing  dur ing  
some  of the tests should have had no effect on the phenomena observed. 
2 
0 
0 
The   l a s t   s e r i e s  of X-ray photographs were made with the samples  in  
a 5-psia oxygen environment,  100% humidi ty ,  a t  32OC. After  four  days '  
exposure to these conditions,  the samples were photographed. 
All the sets of X-ray photographs were given to  Dr.  Peacor  for  analysis .  
Their  evaluation  has  been  included  in  the  various  sections  describing  the 
mine ra l   spec imens .  
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SECTION 4 
ACTINOLITE 
4 . 1  FORMULA 
Ca2  (Mg,   Fe)  Si 0 (OH)2 5 8 22 
4. 2 MINERAL CLASSIFICATION AND VOLATILE 
Silicate, Amphibole- hydroxyl ion. 
4 . 3  SPECIMEN LOCALITY 
Brno, South Moravia,  Czechoslovakia.  
4 . 4  PROCUREMENT SOURCE 
Southwest Scientific Co. , Scottsdale,  Arizona. 
4. 5 OPTICAL MICROSCOPIC ANALYSIS 
The thin sect ion (Figure 4-1)  discloses  that  the specimen is  very 
pure.  I t  i s  es t imated that  about  1% of nea r ly  co lo r l e s s  ch lo r i t e  i s  p re sen t ,  
with a minute  amount of f inely  divided  magnetite  associated  with  the 
axtinolite. 
The  act inol i te   appears   pale   green  and  has  a maximum  birefr ingence 
of 0.  025 ,  extinction angle: c A y  = 1 7 O ,  and negative optic sign: 2 V  = 8 5 O  
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F i g u r e  4 - 1  P h o t o m i c r o g r a p h  of A c t i n o l i t e ,  C r o s s e d  P o l a r s ,  
4 7 X ,  C h l o r i t e  C r y s t a l s  at R igh t  Edge  
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4 . 6  THERMAL ANALYSES 
4 . 6 .  1 Differen t ia l  Thermal  Analys is  
See   F igu re  4 - 2 .  
4 .  6. 1. 1 Sensit ivity 
The  sens i t iv i ty  i s  10pv/cm.  
4 .  6 .  1 .  2 Peak Values  
These  are:  
6 10°C( - )  Perhaps   ch lor i te  
865OC(+) 
1035OC(-) Reported values from 100Z°C to 116OOC. 
4 . 6 .  2 Thermograv ime t r i c  Ana lys i s  
The TGA (Figure 4-3)  confirms the hydroxyl  loss  a t  1035OC, 
al though the react ion was not  completed on the record.  Not found is  the 
78OoC to 89OoC ( - ) ,  which has been observed by many invest igators .  
4 .  6 .  3 Mass  Spec t rometer  Analys is  
T h e  m a s s  s p e c t r o m e t e r  c u r v e  ( F i g u r e  4 - 4 )  r evea l s  a sma l l  
adsorbed  water  loss .  The  two peaks  in  the curve,  a t  430° and 79OoC, 
r ep resen t  t he  lo s s  of hydroxyl  ion.  These peaks correspond to  the 
endothermic peaks at  610° and 1035OC on the DTA curve.  The 43OoC 
peak is  probably due to  the loss  of OH- f rom  ch lo r i t e ,  a possible  impuri ty  
in the sample.  The other peak corresponding to the 79OoC on the mass 
spec t rometer  curve  and  the  1035OC on the DTA curve is definitely due to 
the   loss  of OH- from the actinoli te.  
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Teat: DTA 
Minerd:  Actinolite 
Weight: 250 mg 
Sensitivity: 10 p v/cm 
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Figure  4-4 Mass   Spec t rometer   Curve  of Actinolite-Scan With 
H 0 Peak  Plot ted 2 
4 . 7  X-RAY DIFFRACTION PATTERNS 
4. 7.  1 Debye-Sche r re r  S t anda rd  
0 
The  ac t ino l i te   pa t te rn   (F igure   4 -5)   conta ins  a line with d = 4.  2A 
that  does not  appear  in the ASTM standard l ist .  However,  this l ine is  
included in the ASTM pattern for tremolite,  of which actinoli te is  a var ie ty  
having a s l ight ly  different  composi t ion (Fe impuri ty) .  Thus,  a l l  l ines  are  
accounted for by act inol i te  a lone.  (Table  4-1.)  
4 . 7 .  2 Bendix Vacuum Camera Standard 
The  l ines  of the  Bendix  camera  s tandard ,  F igure  4-6 ,  although 
spot ty  due  to  c rys ta l l i t e  s ize ,  g ive  good compar ison  wi th  the  Debye-Scher rer  
s t anda rd  ( see  Tab le  4 - 2 ) .  Differences in pa r t  may  be  a sc r ibed  to  p re fe r r ed  
or ien ta t ion  due  to  the  pr i smat ic  charac te r  of the  c rys ta l l i t es .  The  l i s t  of 
l ines   for   the   Bendix   s tandard   i s  of course   l imi ted   due   to   the   poorer   reso lu-  
t ion obtainable with the diffraction geometry used. 
4.'7. 3 Vacuum Pat te rns  
All X - r a y  pa t t e rns  of actinoli te obtained under the conditions of 
Phase  I dupl ica ted  the  s tandard  photograph .  Therefore ,  no changes  occur red  
for  ac t ino l i te  under  these  condi t ions ,  and  the  photographs  a re  not  inc luded .  
Comparison  with  the  s tandard  photograph,   for   this   example  and  for   a l l   o thers  
in this  project ,  was most  readi ly  done by direct  visual comparison. In this 
way,  changes  in  the  charac te r i s t ics  of the  X-ray  pa t te rns  a re  immedia te ly  
evident,  if p r e s e n t ,   a n d   a r e   f r e e  of differences due to  the measurement  
e r ro r .   Pho tographs ,   o r   da t a   ob ta ined  by measu remen t   f rom  these   pho tographs ,  
a r e   r ep roduced   on ly   i n   t hose   ca ses   where   d i f f e rences   were   ev iden t   on   v i sua l  
compar ison .  This  minera l  was  not  used  in  Phase  11. 
4 . 8  ANALYSIS O F  THERMODYNAMIC AND CRYSTAL STRUCTURE PLAN 
.Actinolite, a chain s i l icate ,  is the intermediate  member of  the 
t r emol i t e  - actinolite - f e r roac t ino l i t e  s e r i e s  of the amphibole group. 
The  composition of act inol i te   can  be  represented by  the 
formula:  Ca2(Mg,  Fe+2)5Sig022(OH, F ) 2  in which the Fe'2 content 
r a n g e s   f r o m  20-800/0 of the  substi tutional  cations.  
4 -6 
F i g u r e  4-6 Ac t ino l i t e  X-Ray  Pa t t e rn  Taken  wi th  Bend ix  Vacuum 
C a m e r a   ( M a g n i f i c a t i o n  2 X )  
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I 
EXP(A)  
9 . 0  
8 .  4 
0 
5 .  1 
4 .  8 
4.  5 
4 . 2  
3 .   8 2  
3 .   38  
TABLE 4- 1 
COMPARISON OF  EXPERIMENTAL  AND 
ASTM  D-VALUES  FOR  ACTINOLITE 
0 
ASTM(A) 
9 .   0 6  
8 .  42  
5. 12 
4 .  88 
4 .   5 2  
4 .  20(Trer 
o l i t e  
3 .   8 1  
3 .  38 
0 
EX P( A) 
3 .   2 3  
3. 10 
2 . 9 3  
2 .   7 0  
2 .   5 8  
2 .  5 2  
2 .  32 
2 .   2 5  
2 .   9 4   O n l y   2 . 0 0  
d e n s e  
2 .  7 1  l i n e s   1 .   6 7  
2 .   59  
2 . 5 3  
2 . 3 3  
2.   27 
1 . 5 7  
1. 50 
1 . 4 3  
1. 3 6  
. - . . . .. . . - . 
ASTM(A) 
0 
- 1 
2 .   1 6  
2 .  0 4  
2 . 0 1  
1 .  65  
1. 5 8  
- _  
1 . 4 3  
” 
0 
EXP(A 
1 .   29  
1. 195 
1. 160 
1.   080 
1 .  070  
1.   045 
1 . 0 2 7  
0 . 9 8 2  
~~~ ~ ~ 
ASTM(A) 
0 
1. 2 9  
U 
II) 
.4 
4 
+4 
0 
-a 
6 
4 -8 
TABLE 4 - 2  
COMPARISON O F  OBSERVED  D-VALUES  AND  RELATIVE  INTENSITY 
MEASUREMENTS FOR ACTINOLITE 
~ 
Debye-Scher rer   S tandard ,  CuK, Bendix  Camera  Standard,   CuK4 
- 1 
1 
0 
5 
5 0  
5 0  
100 
100 
5 0  
2 0  
10 
10 
10 
10 
4-9 
T h e   s t r u c t u r e s  of the  amphiboles  a re  based on  the  linking of (Si, A1)04 
t e t r a h e d r a  t o  f o r m  c h a i n s  of the composition ((Si, A1)401 (See F i g u r e  4-7 .  ) 
In a l l   amphiboles ,   the   cha ins   have   s imi la r   repea t   d i s tances  ( s5. 3 x) a n d  
a re  bonded to neighboring chains by  planes of cations,   which  in  the case of 
actinoli te a r e  a l imited proport ion of Mgt2, Fe", and Cat2 ions.  Ideally,  
the Cat2 ions occupy positions of 6-fold  coordination. 
The  amphiboles  exhibit   extensive  isomorphous  substi tution: F- o r  C 1- 
may   r ep lace  OH-: FEt2 o r  Mnt2   may  rep lace   Mgf2;   and   Fe  t 2  , Mg+2, 
Na may rep lace  Ca+2.  There  i s  suf f ic ien t  room between cha ins  to  permi t  
en t ry  of a lka l ine   ear th   ions   to   ba lance  a charge   upse t   caused  by the sub- 
stitution of Alt3  for   Si t4   in   the  s i l icon  te t rahedra.  
t 
In act inol i te ,   each  oxygen of the OH- ion is bound  to  three  cations 
(Mgt2  or  Fe t2) .  Severa l  inves t iga tors  have  repor ted  1-2% more  water  in  
the i r   chemica l   ana lyses   than   i s   accountable   for   in   s t ruc tura l   water .  
S o m e   r e s e a r c h e r s   c l a i m   t h i s  i s  water   adsorbed  on  the  f inely  divided  material  
p r ior  to  the  H z 0  determinat ion,  while  others  (Zussman,  1955,  and Megaw, 
1952)   bel ieve  i t   ref lects   replacement  of s o m e  of the oxygen-s of the 
(S i4011)n  cha ins  or  the  Nat  or  K t  ions by OH ions.  These hypotheses  may 
exFlain the existence of a 3-s tage water  loss  shown on many DTA curves.  
The  "dehydration" of act inol i te   is   accompanied.  by the  breakdown of 
the amphibole  s t ructure:  
Ca Mg F e  Si 0 (OH)2 
2 X (5-X) 8 2 2  
* 2 CaSiO 
3 
x MgSiO . 
3 
(5  -x) FeSiO 
3 
actinoli te + S i 0  + H 2 0  
2 
However ,   l i t t l e   o r  no work has been done on the stabil i ty of actinoli te.  
Therefore ,   emphas is   wi l l   be   p laced   on   the   Mg-r ich   end   member  of the 
se r i e s ,  t r emol i t e ,  fo r  wh ich  the re  i s  a smal l  amount  of h igh  t empera tu re  
and high pressure data  avai lable .  Due to  their  pract ical ly  ident ical  s t ructures  
a n d   s i m i l a r   h e a t s  of solution, 419, 670  f 1450 ca l /mole  ( t r emol i t e )  and  
433, 040 f 530 cal /mole (act inol i te) ,  their  s tabi l i t ies  a lso should be qui te  
s i m i l a r .  
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Figure  4-7 The Structure of Tremolite, Diopside, and Enstatite 
Upon hea t ing ,  t remol i te  decomposes  to  ens ta t i te ,  d iops ide ,  quar tz ,  
and  water   vapor:  
t remoli te   enstatdiopside  quartz   water  
Diopside, a m e m b e r  of the  pyroxene  group,  s t ruc tura l ly  resembles  
t remoli te  in  that  i t  is a lso based upon a chain s t ructure .  However ,  the 
pyroxene   cha ins   a re   formed by the linkage of success ive   S i04   t e t r ahedra  by 
sharing two out of four of the  te t rahedra l  oxygens  (See  F igure  4 - 7 ) .  Th i s  
resu l t s  in  a chain of the general  formula (Si03)n.  In the case of diopside,  
the  cha ins  a re  l inked  la te ra l ly  by Ca+2 and Mg+2 ions.  The CaS2 ions l ie  
pr incipal ly   between  the  bases  of the  te t rahedra  in   8-fold  coordinat ion,  
whereas the Mg+2 ions l ie principally between the apexes of the   t e t rahedra  
in  6-fold coordinat ion.  The chains  are  s taggered in  the c-axis  direct ion 
(direct ion of e longat ion) ,  producing monocl inic  symmetry.  
Enstat i te ,  another  pyroxene,  has  a cha in  s t ruc tu re  (S i03 )n  s imi l a r  
to that found in diopside. The chains a r e  l inked  la te ra l ly  by Mg+ ions in a 
manner  s imilar  to  the Cat2 and Mg+2 l inking in diopside.  However,  the 
s m a l l e r  Mg+2 ions produce a different  s tacking of the chains ,  resul t ing in 
an  or thorhombic  cel l   wi th   approximately  double   the  dimensions of the 
diopside cell .  
T h e   l a s t   s t r u c t u r e  to be discussed in the decomposition of t r emol i t e  
i s  tha t  of qua r t z .  The  s t ruc tu re  of quartz  is  based upon the shar ing of a l l  
of   the   te t rahedral   oxygen  a toms  with  other  Si04 te t rahedra   to   p roduce  a 
3-dimensional  framework  in  which  each  silicon  has  four  oxygens  and  each 
oxygen has two sil icons as  nea res t  ne ighbors .  However ,  t he re  a re  many  
polymorphic  forms of th i s  bas ic  s t ruc ture .  Thi lo  (1939)  repor t s  the  S i02  
decomposition  product  to  be  cristobali te  at   930-988OC. 
The  hydrothermal   synthesis  of t remoli te   has   been  s tudied by F. R .  
Boyd (1959). Data from his stability curve for the reaction tremolite+ 
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enstat i te  t diopside t quar t z  t vapor   have  been  reproduced  in   the 
following table: 
T°C T°K P( b a r  s -H20)  P m m  Hg 
740 1013 200 1 . 5  x l o5  
778  105 1 400 3 . 0  x 105 
808  108 1 600 4 . 5  x l o5  
835  1108.  1000  7. 6 x 10 5 
855  1128  1500 1 .  15 x  10 6 
These data,  with the exception of the las t -mentioned temperature  and 
p res su re ,  con fo rm to the Clausius-Clapeyron equat ion.  Therefore ,  i t  i s  
possible to evaluate the A H; of the reaction and extrapolate this curve 
to  lower  tempera tures  and  pressures .  This  ex t rapola t ion  i s  represented  
in  F igure  4-8.  Also  represented  in  th i s  f igure  i s  the  curve  cons t ruc ted  
from  the  fol lowing  mass   spectrometer   and  DTA  data:  
t Si02  t H z 0  
pH, 0 m m  Hg T°C 
DTA 12 .5   970+  20 
Mass   Spec t romete r  5 x 790 f 5 
Extrapolation of the  data of Boyd  (1959)  to  the  lunar  environment  gives:  
Luna r   Tempera tu re  T°C T O K  P m m  Hg 
Minimum  nighttime - 180 93   1 .0  x 10 - 69 
Equi l ibr ium at  1 -m depth - 55 2 18 4 . 0  x 
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F igure  4-8 Stabili ty Curve of Actinolite 
Lunar   Tempera tu re  
Maximum daytime 
At   l una r   p re s su re  
If equi l ibr ium is e s  
T°C 
+130 
+ 44 
t ab l i shed ,   ac  
TOK P m m  Hg 
40 3 1 . 0  x 10-6 
3 17 1.0 x 10 - 1 1  
t inoli te  and  tremolite  should  break 
down during the lunar day. However,  they should be s tab le  a t  the  equi l ibr ium 
tempera ture  assoc ia ted  wi th  a depth of 1 m. Recons t ruc t ion  of the amphibole 
structure during the lunzr night,  while thermodynamically feasible given 
suf f ic ien t  water  vapor  a t  the  lunar  pressure ,  i s  no t  probable .  Boyd repor ted  
that   quar tz   and  pyroxene  (decomposi t ion  products)   tend  to   exis t   metastably 
with  t remoli te   nuclei   for   great   lengths  of t ime .  
I- 
SECTION 5 
AMMONIUM FELDSPAR 
5 . 1  FORMULA 
NH4Al Si308 1 /2  H20 .  
5. 2 MINERAL CLASSIFICATION AND VOLATILE 
Si l ica te ,   fe ldspar   g roup  - NH H 0. 
3' 2 
5. 3 SPECIMEN LOCALITY 
Synthesized  in   the  laboratory  with  the  f i rs t  7 2  g m  of ammoniated  fe ld-  
spar  produced  f rom a Tanganyika anorthoclase.  Approximately 2. 5 g m  
of high  puri ty   ammoniated  fe ldspar   was  produced  f rom a Madagascar  
or thoclase.  
5.4 PROCUREMENT SOURCE 
Anorthoclase  obtained  f rom  Ward 's   Natural   Science  Establ ishment ,  
Inc. . Roches t e r ,  New York;  the or thoclase obtained from The Universi ty  
of Michigan  Mineralogical  Museum. 
5. 5 OPTICAL MICROSCOPIC ANALYSIS 
Since  only  the  outer  portions of the   o r ig ina l   fe ldspar   were   conver ted  
to   ammonium  fe ldspar ,   i t   i s   imposs ib le   to   de te rmine   the   op t ica l   p roper t ies  
of the   ammonium  fe ldspar   phase .  
5.6 THERMAL ANALYSES 
5. 6. 1 Different ia l  Thermal  Analysis  
A suff ic ient ly   large  sample  was  not   obtained  for   the  ammonium 
fe ldspa r .  
5. 6. 2 Thermogravimet r ic  Analys is  
A sufficiently  large  sample  was  not  obtained  for  the  ammonium 
fe ldspar .  
5. 6. 3 Mass  Spec t rometer  Analys is  
The mass spec t rometer   ana lys i s   was   run   on   the  "p 
NH4 feldspar   produced  f rom  the  Tanganyika  anorthoclase.  
minute   amount  of sample   synthes ized  at the   t ime,   the   ava i  
was  sufficient  for  only  the mass spec t romete r   ana lys i s .  
lilot" batch of 
Because  of the 
l ab le   ma te r i a l  
The three curves shown in Figure 5-1 depict  the loss  of H20,  NH3,  
and NH2. The H20 curve  descr ibes  the  combined  loss  of zeol i t ic  water  
and  water  resu l t ing  f rom the  comple te  s t ruc tura l  b reakdown.  Zeol i t ic  
water  beginset0 vaporize at 3OoC. The NH3 and  a s soc ia t ed  s t ruc tu ra l  
w a t e r   a r e   l o s t   a t  52OC, and  the  appearance of NH2 is due  to  the  decomposition 
of NH3 induced  by  the  electron  beam. 
5.7 X-RAY DIFFRACTION PATTERNS 
5.  7. 1 Di f f rac tometer  S tandard  
The  diffract ion  pat terns  of d i f f e ren t   f e ldspa r s   a r e   ve ry   s imi l a r .  
Di f fe rences   in   spec imen  prepara t ion   or   in   d i f f rac t ion   ins t rumenta t ion   may 
produce   pa t te rn   d i f fe rences   as   g rea t  as those  between  the  phases   themselves .  
Therefore ,  s tandard iza t ion  of methods is recommended.  For  th i s  reason  
the   s tandard   X-ray   photograph  of this  material   was  obtained  with  the 
powder   d i f f rac tometer ,   s ince   the   s tandard   pa t te rn   in   the   l i t e ra ture  
(Erd  e t  a l .  , 1964) was so  obtained. A compar ison  of va lues  is given in 
Table  5- 1. 
5. 7. 2 Bendix Vacuum Camera Standard 
Table 5 - 2  compares   the   Bendix   Camera   S tandard   wi th   the   Debye-  
Sche r re r   S t anda rd .  
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F i g u r e  5 - 2  NH4 F e l d s p a r  S t a n d a r d  B e n d i x  C a m e r a  X-Ray 
P a t t e r n ,  P h a s e  I (Magni f ica t ion  2X) 
F i g u r e  5 - 3  NH4 F e l d s p a r  S t a n d a r d  B e n d i x  V a c u u m  C a m e r a  P a t t e r n ,  
P h a s e  I1 (Magni f ica t ion  2 X )  
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TABLE 5-1 
COMPARISON O F  EXPERIMENTAL  D-VALUES  WITH  THOSE 
O F  ERD et al. , 1964 
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TABLE 5-2 
COMPARISON O F  OBSERVED  D-VALUES AND RELATIVE 
INTENSITY MEASUREMENTS FOR NH. FELDSPAR 
Debye-Sche r re r  S t anda rd .  CuK 
s 
4. 2 3  
2 .  78 
3 .   23  
2. 99 
2 .  4 8  
2. 10 
1. 8 0  
1. 74 
CY 
- i 
i 
0 
4 0  
6 2  
70 
100 
35 
2 9  
19 
10 
8 
4 
Bendix  Camera  S tandard .  CuK 
dabs 
4. 2 
3.  8 
3. 2 
2 .  9 
2 .  4 
2. 0 
1. 8 
1. 7 
CY 
- i 
i 
0 
2 0  
3 0  
100 
20 
2 0  
10 
10 
10 
5. 7. 3 Vacuum Pat terns  
The   pa t te rns  of NHq feldspar   dupl icated  the  s tandard  photograph 
under  all conditions of p r e s s u r e  and temperature .  However ,  it i s  p a r t i c -  
ular ly   diff icul t   to   observe  the  changes  in   s t ructure   a t tending NH4 and 
H 2 0  l o s s ,  s ince the (Si ,  A1)-0 framework remains unchanged.  Stewart  
and  others  (unpublished)  have  shown  that  Na-K  substi tution  is   zeoli t ic  in 
that   i t  is readily  achieved,  but  leaves  the  framework  virtually  unchanged. 
The  lack of change  in   the  X-ray  pat terns   is   not   def ini te   proof   that   the  loss 
of volat i les   has   not   therefore   occurred.  
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5. 7. 4 Bendix Standard Pat tern,  Phase I1 
Refer   to   Figure  5-3  which  shows  the NH4 feldspar   s tandard  Bendix 
vacuum camera  pa t te rn .  This  pa t te rn  dupl ica ted ,  wi th  the  except ion  of 
two  l ines of weak  intensity,   that  of the  s tandard of P h a s e  I. 
5. 7. 5 Vacuum Pa t t e r sn ,  Phase  I1 
Pat terns   obtained  under  all conditions of t empera tu re   and   p re s su re  
duplicated that of the s tandard.  A s  noted above, this does not necessarily 
prove  that   there  has  not  been  devolati l ization  since  very  high  resolution 
is required  to  detect   i t .  
5 . 8  ANALYSIS O F  THERMODYNAMIC AND CRYSTAL ST,RUCTURE DATA 
The  ammonium  feldspar   used  in   this   s tabi l i ty   s tudy  was  synthesized 
f rom  anor thoc la se ,   an   a lka l i   f e ldspa r   nea r   t he   sod ium-r i ch   end  of the 
series NaA1Si308-KA1Si308. The synthesis was accomplished in a 
manner  s imi la r  to  tha t  used  by Barker (1964).  Details of t he  syn thes i s  a r e  
presented  in   Sect ion 2. 2. 
The   a lka l i   f e ldspa r   s t ruc tu re   cons i s t s  of Si - A I  te t rahedra  l inked  to  
one another  t r idimensional ly .  However ,  it i s  much eas ie r  to  unders tand  
the  nature  of t h i s   s t ruc tu re  if one  considers   the  te t rahedra  to   be  l inked  to  
form cha ins  para l le l  to  the  a -ax is  d i rec t ion  ( see  F igure  5-4) .  The chains 
themse lves   a r e   composed  of horizontal   r ings of four   te t rahedra  with a 
repea t   d i s tance  of approximately  four   t imes  the  height  of one  te t rahedron.  
Actual ly ,   the   te t rahedra  forming  the  chains   do  not   l ie   in  a p lane   bu t   a re  
twisted and distorted about the chain axis.  Successive chains are l inked 
to   one  another  by the   sha r ing  of te t rahedral   oxygen  a toms  to  form a shee t  
of 4-membered  and  8-membered  r ings  of t e t r ahedra .  Success ive  shee t s  
a re   then   s tacked   upon  one   another ,   resu l t ing   in  a s t ruc ture   conta in ing   la rge  
interstices  which  may  be  occupied  by Na t  o r  Kf i o n s ,   o r  by any other 
ca t ion   o r   r ad ica l  of similar charge  and  size.  
The   exac t   symmetry  of th i s   genera l   s t ruc ture   ( t r ic l in ic   o r   monocl in ic )  
depends both upon which cation (Na' o r  K ) predominates   and   the   t empera ture .  
Fu r the rmore ,   t he   amoun t  of disorder   in   the  (Si ,  A l )  dis t r ibu t ion  is a 
function of t he   t empera tu re  of formation  with  the  amount of d i sorder   in -  
c r eas ing   w i th   h ighe r   t empera tu res .  
+ 
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0 Potassium or NH 0 Silicon or Aluminum OOxygen  
v 
I55 
2 
a =  
0 
4A - 16 Si0 + 3 A1 0 . 2Si02 + 6 NH3 + 3H20 
2 2 3  
silica  mul te  ammonia  water
Figure  5-4 The Structure  of Ammonium Feldspar-Sanidine 
Barker   in   his   exchange  experiments   hoted  that   "sodium is replaced 
more   r ead i ly  by NH4' than  potassium,  and  in   a lkal i   fe ldspars   containing 
both  Na  and K,  the Na is a lmost  en t i re ly  removed.  The  end  members  of 
the  ser ies   (KA1Si308  and  NaA1Si308)   undergo  exchange  with  more  diff icul ty  
than  do  the  in te rmedia te  members .  This  is probably due to  the fact  that  
t h e   s t r u c t u r e  of the   end   members  is more   s t ab le   because  of the  absence of 
solid solution. 
Bas ica l ly?   ammonium  fe ldspar   can   be   synthes ized   in   e i ther   anhydrous  
or  hydrous  sys tems.  In  the  anhydrous  sys tem,  ammonium fe ldspar  i s  
produced  according  to   the  react ion:  
However!  a t  temperatures  only s l ight ly  higher  than the temperature  
of format ion ,  the  ammonium fe ldspar  breaks  down,  producing  s i l ica ,  
mull i te ,  ammonia,  and water :  
6 NH4A1Si 0 -+ 16 S i 0 2  t 3 A1203 2 S i 0  + 6 NH3 t 3 H 2 0  
3 8  2 
A hydrated  ammonium  feldspar   is   produced  when  synthesis   takes  
place in a hydrous system. The production of the hydrated species can 
be represented by the equation: 
(K,Na)  A1Si308 t NH4C1 t 1 / 2  H 2 0  -+ NH4A1Si 0 . 1 / 2  H 2 0  t (K ,  Na)  C1. 3 8  
Solution 
Hydrated  ammonium  feldspar  has  been  experimentally  ciemcns  trated 
to  be the most  s table  of the two types of ammoniated feldspar.  Stabil i ty 
has   been  a t t r ibuted  to   the  incorporat ion of "zeolit ic"  water  which  appears 
to   occupy  random  s i tes   wi th in   the   c rys ta l   s t ruc ture .  
4. 
e,. 
B a r k e r ,  D. S. , "Ammonium in Alkal i  Feldspars ,  I '  Am. Min. , V. 49, 
1964, p. 854. 
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Hydrated  ammonium  feldspar   has  a natural   counterpar t ,   buddingtoni te ,  
which has been found in only one locality, Sulfur Bank, Lake County; 
Cal i fornia .  I t  occurs  as  a low pressure and low temperature  (120OC) r e -  
placement  of albit ic plagioclase.  Buddingtonite contains ' '  zeol i t ic"  water  
in   proport ions  comparable   to   that  of the  synthet ical ly   produced  ammonium 
fe ldspar .  
The  ammonium  feldspar   used  in   the  s tabi l i ty   experiments   was  synthe-  
s ized  in  a hydrous  sys tem.  The  presence  of zeol i t ic  water  is  evidenced 
by   the   mass   spec t rometer   ana lys i s .  
The   f i r s t   increase   in   the   water   loss   curve   i s   due   to   the   loss  of the 
zeol i t ic   water ,   whi le   the   second  increase  is due  to   the  water   l iberated by 
the  complete   s t ructural   breakdown.  
Due to  the recent  discovery,  synthesis ,  and l imited geologic  importance 
of ammonium  f e ldspa r ,   no   l i t e r a tu re   va lues   fo r  its thermodynamic   p roper t ies  
are  avai lable .  The breakdown curves in  Figure 5-5 were plot ted from the 
Different ia l  Thermal  Analysis  data  of Erd  e t  a l .  , 1964. and from the mass 
spec t romete r  ana lys i s .  These  da t a  a re  summar ized  a s  fo l lows :  
2 NH4 AlSi  0 - H 0 + 2 NH4AlSi 0 t H 2 0  1 
3 8  2 2 3 8  
PHZO . 
mm Hg 
T°C ~ 
Mass   Spec t romete r  5 x  10 
- 6  30 
DTA (Erd ,   1964)  12. 5 370 
6 NH4A1 Si 0 + 3  A1 0 * S i 0  t 16 S i 0  t NH3 t 3 H 0 
3 8  2 3  2 2 2 
Mass Spec t romete r  5 x  10 
- 6  
T°C 
52 
DTA  (Erd,  1964) 12. 5 498 
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Figure 5 - 5  Stability Curves of Ammonium Feldspar 
Note  that   there   are   two  curves   (NH3  and  NH2)  plot ted  in   Figure  5-1.  
The  appearance of the  NHZ is the   r e su l t  of decomposition by  the  electron 
beam of the  NH3  evolved  from  the  sample: 
NH3 - NH2 t H. A E  
From  the   s to i ch iomet ry  of the equations,  it is evident that  the volume 
of NH2 is equal  to  that  of NH3 f rom which  i t  is produced.  Therefore ,  the 
total   amount of NH3 produced  is   equal   to   the  sum of the   a reas   under   each  of 
the   curves .  
Extrapolation of da ta   to   the   lunar   envi ronment   resu l t s   in :  
NH4AlSi 0 - H 0 * NH A1Si3O8 t - H 0 1 1 
3 8 2  2 4 2 2  
Lunar  Tempera tu re  To C T ° K  P r e s s u r e  mm Hg 
Minimum  nighttime - 180  93 I .  6 x 10 
Equi l ibr ium  at   1-m  depth - 55 218 7. 6 x 10 
Maximum  dayt ime t130  403 4 . 6 ~  10 
At l u n a r   p r e s s u r e  - 67 206 1 . 0  x 
- 35 
-11 
- 3  
6 NH4A1Si 0 + 3 A1 0 .  S i 0 2  t 16 S i 0  t NH3 t 3 H 0 
3 8   2 3  2 2 
Luna r  Tempera tu re  
Minimum  nighttime 
To C T ° K  P r e s s u r e  mm Hg 
-180  93 5. 0 x 10 - 35 
Equi l ibr ium  a t  1 -m depth - 55  218 1. 8 x 10 
Maximum  dayt i e   t130  403 5. 6 x 10 
At l u n a r   p r e s s u r e  - 58  215 1.0 x 10 
-11 
- 4  
-11 
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and  indicates   that   ammonium  feldspar   wil l   completely  decompose at  the  
luna r   day t ime   su r face   t empera tu re   and   w i l l   no t   ex i s t   i n  a s tab le   phase  at 
the equi l ibr ium temperature  associated with a depth of 1 m.  The formation 
of ammonium  fe ldspar   dur ing   the   lunar   n ight  is highly  unlikely  due  to  the 
s t ructural  change accompanying the loss  of water  and ammonia.  While  only 
mul l i te ,  s i l i ca ,  ammonia ,  and  water  have  been  repor ted  as  decomposi t ion  
p roduc t s ,   t he re   i s   t he   poss ib l e   fo rma t ion  of i n t e rmed ia t e   s t ruc tu re   t ypes  
which wil l  readi ly  take up water  and ammonia.  Furthermore,  the par t ia l  
p r e s s u r e  of ammonia ,  if any   i s   p resent  in the lunar  environment ,  is 
probably exceedingly low, much lower than the equilibrium vapor pressure 
of ammonium  fe ldspar   a t   these   t empera tures .  
The  curves   pictured  in   Figure 5-5 a r e  not   meant   to   represent   equi l i -  
br ium  s tabi l i ty   boundaries   due  to   the  fact   that   they  were  constructed  f rom 
nonequi l ibr ium data .  They merely represent  the h. ighest  temperature  and 
lowest   pressure  a t   which  one  would  expect   to   f ind  ammonium  feldspar  
existing  metastably  under  the  heating  rate  conditions of these   exper iments .  
From previous  exper iments ,  i t  has  been  noted  tha t  the  equi l ibr ium va lues  
fo r   t hese   t empera tu res   a r e   gene ra l ly   s eve ra l   hundred   deg rees   l ower .  
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SECTION 6 
ANTIGORITE 
6 .1  FORMULA 
Mg Si 0 (OH)q . 3 2 5  
6. 2 MINERAL CLASSIFICATION AND VOLATILE 
Silicate,  serperltine-hydroxyl.. 
6 . 3  SPECIMEN  LOCALITY 
Montvi l le ,  New Jersey.  
6 . 4  PROCUREMENT  SOURCE 
The   Univers i ty  of Michigan  Mineralogical  Museum..  
6. 5 OPTICAL  MICROSCOPIC  ANALYSIS 
About  half   the  specimen  in  the  thin  section  (Figure 6-1)  is composed 
of veinlets of chrysot i le  a few mi l l imeters  wide .  The  c ross  f ibers  show 
high birefr ingence,  paral le l  ext inct ion,  and are  length s low.  This  chryso-  
t i l e  w a s  eas i ly   separa ted   f rom  the   hos t   an t igor i te   a f te r   the   mater ia l   had  
been   coarse ly   c rushed .  
The ant igori te  appears  very pale  green,  with low relief in Canada bal- 
sam. It is  length fast ,  optically negative,  with 2V about 20 . Except  for  
a minute  amount  of opaque magnet i te ,  the easi ly  separated ant igori te  is  of 
high  purity. 
0 
6. 6 THERMAL  ANALYSES 
6. 6. 1 Different ia l   Thermal   Analysis  
R e f e r   t o   F i g u r e  6-2.  
6-1 
F i g u r e  6- 1 P h o t o m i c r o g r a p h  of A n t i g o n i t e ,  C r o s s e d  P o l a r s ,  
47X, Veinle t  of Chryso l i t e  i n  Upper  R igh t  Quadran t  
6 -2 
i 
Test: DTA $220 c 
Mineral:  Antigorite 
Weight:  250 mg ! 
c _  Sensitivity: 10 pv/cm i l  / 
- 1  
-2 
- 3  
-4  
-5  1 
0 10 20 30  40 50 60 70 80 
Time (Minutes) 
Figure 6 - 2  Antigorite DTA 
Test: T GA 
Mineral: Antigorite 
Weight: 245  mg 
0 10 20 30 40 50 60 70 80 
Time (Minutes) 
Figure 6 - 3  Antigorite TGA 
I 
6. 6.  I .  1 Sensit ivity 
The   sens i t iv i ty  is 10 p / cm.  
6. 6. 1. 2 Peak  Values  
T h e s e  are: 670°C(-) F i r s t   s h o u l d e r  1 Loss of OH 71 O°C( - )  Major  peak 
8 2 2  C ( + )  Sharp  exor thermic  peak .  Phase  t rans i t ion .  0 
The  exorthermic  peak i s  not found on the antigorite from the 
Antigore Val ley,  I ta ly .  Nevertheless ,  this  curve is s imi la r  to  those  pub: 
l ished for  serpent ine,  chrysot i le ,  and ant igori te .  
6.  6. 2 The rmograv ime t r i c   Ana lys i s  
The  TGA (Figure  6-3)  shows a 4. 4 -mg  los s  to  500 C ,  followed by 
a l o s s  of 32. 5 mg dur ing  the  major  endothermic  reac t ion .  The  la t te r  weight  
loss  amounts  to  13. 0 70 of the sample weight.  I t  is in  excel lent  agreement  
with the calculated OH loss  which,  based on the ideal  formula,  is  12.  9 70. 
The 4. 4 -mg loss probably  represents   the  loss  of absorbed  water .  
0 
6.  6. 3 Mass   Spec t rometer   Analys is  
The ant igori te  sample begins  to  decompose at  270 C under   p re -  
vai l ing vacuum condi t ions in  the mass spectr3meter .  The loss  of OH is 
shown in  the  curve  (F igure  6-4)  as  two la rge  c lose ly  spaced  peaks .  This  
same  reac t ion   on   the  DTA curve  is r ep resen ted  by the peak at 710 C and 
the minor  shoulder  a t  670 C .  However ,  the sharp endothermic peak at  
822 C on the DTA curve, indicative of a phase t ransi t ion,  is not detectable 
in   the   mass   spec t rometer .  
0 
0 
0 
0 
6.7  X-RAY  DIFFRACTION  PATTERNS 
6.  7. 1 Debye-Scherrer   Standard 
Refer   to   Figure  6-5  which  shows  the  ant igori te   X-ray  pat tern  taken 
with a Debye-Sche r re r   camera .  
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F i g u r e  6-4 Mass Spec t romete r  Curve  of Antigorite- 
Scan With H 2 0  Peak Plot ted 
+ 9 0  mm * 
Figure 6-5 Antigorite X-Ray Pattern Taken With  DebyeScherrer   Camera 
+ 50 mm 
Figure 6-6 Antigorite X-Ray Pattern Taken W i t h  Bendix 
Vacuum Camera (Magnification 2X) 
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T h e r e  is good  agreement   between  the  ASTM  and  Debye-Scherrer  
s tandard   desp i te   the   fac t   tha t   p refer red   o r ien ta t ion   normal ly   causes   marked  
d i f fe rences  in  some X-ray  pa t te rns  of such  l aye r - s t ruc tu re  s i l i ca t e s .  (See  
Table  6- 1 ). 
TABLE 6-1 
COMPARISON O F  EXPERIMENTAL AND  ASTM  D-VALUES F O R  
ANTIGORITE 
6 .  7 .  2 Bendix Vacuum Camera Standard 
F i g u r e  6 - 6  shows  the  ant igori te   X-ray  pat tern  taken  with  the  Ben-  
dix Vacuum Camera,  Magnif icat ion 2X. 
T h e r e  is reasonable  agreement  between  the  Bendix  and  Debye- 
Sche r re r   pa t t e rns   ( s ee   Tab le  6 - 2 )  with   some  d i f fe rences   ascr ibable   to   p re-  
fe r red   o r ien ta t ion  of the  sample  and  poorer   resolut ion of the  Bendix  Cam- 
era .  However ,  the Bendix s tandard is adequate  for  compar ison  purposes  
re la t ive   to   pa t te rns   ob ta ined   a t   h igh   vacuum.  
6 .  7. 3 Vacuum  Pa t te rns  
A l l  diffraction  patterns  obtained  under  the  conditions of P h a s e  1 
precisely duplicated that ofthe standard.  Devolati l ization of the ant igori te  
expressed   th rough  loss  of hydroxyl  ion  as  water  should  produce  significant 
differences  in   X-ray  pat terns   with a comple te   co l lapse  of the   oc tahedra l ly  
coordinated layer .  Thus,  devolat i l izat ion did not  occur .  This  mineral  was 
not   used  in   Phase 11. 
TABLE 6 - 2  
COMPARISON OF OBSERVED  D-VALUES  AND  RELATIVE  INTENSITY 
MEASUREMENTS F O R  ANTIGORITE 
Debye-Scher rer  S tandard ,  CuKcv 
I 
dabs 1 - i 
i 
0 
4. 6 1 30 
3.  83  
20 2. 09 
100 2. 45 
80 
1.  53 
80 1. 31 
5 
Bendix  Camera  S tandard ,  CuKQ 
d 
obs 
4. 4 
3. 5 
2. 3 
1 . 9  
1. 5 
1 . 4  
i 
i 
0 
60 
100 
40 
3 
2 
5 
6 . 8  ANALYSIS O F  THERMODYNAMIC AND CRYSTAL STRUCTURE DATA 
Antigorite is one of t h ree   p r inc ipa l   members  of the  serpent ine  group 
(an t igor i te ,  chrysot i le ,  and  l izard i te )  which  have  the  approximate  composi -  
t ion Mg3Si205(OH)q.  The s t ructure  of t hese  members  i s  composed  of 
po lymorphic   forms  of a l a y e r - t y p e   s t r u c t u r e   c h a r a c t e r i s t i c  of the kaolinite 
group of m i n e r a l s .  E a c h  l a y e r  c o n s i s t s  of one sheet  of pseudo-hexagonally 
l inked Si04 te t rahedra joined to  a bruc i te   shee t  of Mg - O(0H)  octahedra.  
The   t e t r ahedra   i n   t he   S i -0   shee t   a r e   un id i r ec t iona l   and   a r e   l i nked   t o   t he  
bruci te   sheet   in   such a manner   as   to   rep lace   two  ou t  of every   th ree   hydroxyls  
The  different   dimensions of the   S i04   and   bruc i te   shee ts   g ive   r i se   to  a lay-  
e r  distortion and consequent stacking adjustments and additional polymor- 
ph ic   forms .  
The  appearance  of the polymorphic  forms,  chrysot i le  and ant igori te ,  
a r e   t h e   r e s u l t  of the   t e t rahedra l   S i04   and   bruc i te   shee ts   accommodat ing  
themselves  to  one another .  In  both cases ,  the accommodat ion takes  the 
f o r m  of a bending of the layers  concave to  the Si04 shee t s .  In chrysotile,  
the repetition and bending of the  two  layers   forming  theouni t   cel l   resul t   in  
a cyl indrical   s t ructure   with  an  outs ide  diameter  of 260 A and a wall   thickness 
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of t en  l aye r s .  The  s t ruc tu re  of an t igor i te  (See  F igure  6-7)  cons is t s  of 
pe r iod ic   r eve r sa l s  of the   l ayer   curva ture ,   resu l t ing   in   cor ruga t ions   per -  
pendicular  to  the a-axis .  The magnitude of t he  a -ce l l  pa rame te r  is equal 
to the period of the  cor ruga t ion  or  some mul t ip le  thereof .  The  now com-  
pac t   s t ruc ture  of ant igori te  as compared   t o   t he   o the r   members  of the   g roup  
accounts   for   i ts   increased  densi ty   and  thermal   s tabi l i ty .  
Many  products   have  been  observed  for   the  decomposi t ion of s e rpen-  
t ine.  Bowen and Tuttle (1949) have reported the reaction 
A )  Mg3Si205  (OH)q + Mg S i 0 4  t Mg Si 0 (OH)2 -t H 2 0  2 3  4 10 
serpent ine   fors te r i te   t a lc   water  
for  the decomposi t ion of serpent ine under  hydrothermal  condi t ions.  Brindley 
and  Zussman  (19  57)  have  reported 
B) 2Mg 3 Si 2 5  0 (OH)4 + 3Mg 2 S i 0 4  .I- S i 0 2  t H 2 0  
serpent ine   fors t r i te   amorphous   water  
s i l i ca  
for   the  decomposi t ion of serpentine  und'er  conditions of h igh   tempera ture  
and  a tmospher ic  pressure .  It is important  to  note  that  under  a tm0spheri .c  
conditions and probably also under vacuum conditions,  the decomposition 
of ant igori te   proceeds  in   two  s teps   with  the  formation of an   in te rmedia te  
phase,   "dehydrated  serpent ine.  DTA records   show  an   endothermic   peak  
at about 680 - 78OoC corresponding to  the loss of OH- and an exothermic 
peak at 800 - 82OoC for  the  s t ruc tura l  b reakdown.  These  reac t ions  can  be  
represented  as   fol lows:  
C )  Mg3Si205(OH)4 + Mg 3 Si 2 7  0 t 2H20 
serpent ine  "dehydrated  water  
se rpent ine"  
2Mg3Si207 -. 3Mg S i 2 0 4  t S i 0 2  
2 
"dehydra ted   fors te r i te   amorphous  
serpent ine"   s i l i ca  
cn 
I 
P 
0 
-a" 
s14010 Layer 
of Lmked S O 4  Tetrahedra 
0rucrtc Layer 
Figure  6 -7  The Structures  of Serpent ine and Forster i te  
In both A & B, one of the reaction pr 'oducts is fors te r i te .  Accord ing  
to the   X-ray   da ta  of Brindley  and  Zussman  (1957) ,   the  cell dimensions  of 
se rpent ine   and   fors te r i te   a re   re la ted   in   the   fo l lowing   manner :  2as = bf and 
2bs = 3cf ( s e e   F i g u r e  6-7).  T h e   l o s s  of OH-, while  leaving the Si04 sneet  
la rge ly  in tac t ,  causes  cons iderable  d is rupt ion  of the Mg - O(OH), b ruc i t e  
sheet .  Consequent ly ,  the layer  s t ructure  par t ia l ly  col lapses  to  the three 
dimensional ly  bonded s t ructure  of fo r s t e r i t e .  Th i s  t r ans fo rma t ion  r equ i r e s  
only a slight  rotation of the Si04 te t rahedra   in   the   t e t rahedra l   shee t .  
The   s t ab i l i t y   cu rve   fo r   s e rpen t ine  as  de te rmined   f rom  the   da ta  of Bowen 
and Tuttle (1949) is  represented in  Figure 6-8.  Due to  the lack of hea t  ca-  
pac i ty   in format ion   for   se rpent ine ,   i t   was   necessary   to   assume  tha t   the   en-  
thalpy of the  react ion  remained  constant   in   extrapolat ing  this   curve  to   lower 
t empera tu res  and  p res su res .  Ano the r  a s sumpt ion  inhe ren t  i n  th i s  t ype  of 
analysis  is that   water   vapor   behaves as  an   idea l   gas   in   the   t empera ture   and  
p r e s s u r e  r a n g e s  of hydrothermal synthesis.  While both of these  assumpt ions  
lead to  a cer ta in  amount  of devia t ion  f rom equi l ibr ium resu l t s ,  th i s  is  the 
best   that   can  be  done  with  the  l imited  amount of thermodynamic  information 
available at  this t ime. 
The  mass  spec t romete r  da t a  a re  r ep resen ted  in  F igu re  6 -4 .  However ,  
this   curve  represents   only  the  dehydrat ion of serpent ine  due  to   the  fact   that  
react ions  involving  only  sol id   phases   cannot   be  observed  in   the  mass   spec-  
t r o m e t e r .  
* Mg Si 0 3 2 7  2H 2O 
serpent ine  "dehydrated  water  
serpent ine" 
P ~ 2 ~  (mm H ) 
T°C 
DTA 12. 5 490 f 20 
Mass   Spec t romete r  5 x 10 270 f 5 -6  
Extrapolation of t he   mass   spec t romete r   and  DTA  data  and  the  data 
of Bowen  and  Tuttle  (1942)  to  the  lunar  environment  gives: 
serpent ine * "dehydrated  serpentine" + vapor 
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Figure 6- 8 Stability Curve of Serpentine 
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L u n a r   T e m p e r a t u r e  TOD T OK 
Minimum  nighttime -180 9 3  1 . 0  x 10 
Equi l ibr ium at  1-m  depth  - 55  21 8 1 . 0  x 10 
Maximum  dayt ime +130 40 3 2 . 2  x 1 0 - l 2  
A t  l u n a r   p r e s s u r e  t'1 52 452 1 . 0  x 10 
-11 
- 108 
- 37 
se rpen t ine  + f o r s t e r i t e  + t a lc  + vapor  
L u n a r   T e m p e r a t u r e  T°C TOK 
- PJ320mm Hg 
Minimum  nighttime -180 9 3  1. 6 x 10 
Equil ibr ium at  1-m depth - 55 21 8 1 . 0  x 10 
Maximum  dayt ime +130 40 3 6. 3 x 10 
At   l una r   p re s su re  +2  58 531 1 . 0  x 10 
- 241 
- 80 
- 27 
-11 
I t   has   been  shown  experimental ly   that   the   curves   plot ted  f rom  the 
m a s s   s p e c t r o m e t e r   a n d  DTA data generally l ie 200 - 300 C higher than the 
corresponding equi l ibr ium curves.  Based upon this  considerat ion,  ser-  
pentine should dehydrate during the lunar day but should be stable at  a 
depth of 1 m.  Rehydration during the lunar night is  not probable due to the 
par t ia l  co l lapse  of the  serpent ine  s t ruc ture .  The  reac t ion  serpent ine  * 
f o r s t e r i t e  t ta lc  + vapor should not occur under lunar conditions. 
0 
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SECTION 7 
BASALT GLASS 
7. 1 FORMULA 
7 .  2 MINERAL  CLASSIFICATION 
A s imula ted   na tura l   g lass   (anhydrous) .  
7 .  3 SPECIMEN  LOCALITY 
Produced   in   the   l abora tory   f rom a pure  basal t   specimen  or iginat ing 
from Branchvi l le ,  Connect icut .  
7 . 4  PROCUREMENT  SOURCE 
Southwest Scientific Co. , Scottsdale ,  Arizona.  
7. 5 OPTICAL  MICROSCOPIC  ANALYSIS 
The fusing of this  pure basal t  in  the laboratory resul ted in  a brown 
scor iaceous  g lass  wi th  many gas  bubbles  (F igure  7 - 1 ) .  F ine  c rys t a l l i t e s ,  
compris ing  about  2 %  of t h e   m a s s ,   i m p a r t  a c loudy  appearance  to   the  glass .  
These  a re  no  doubt  the  products  of devitrif ication during cooling. Another 
670 of unmel t ed   l ab rador i t e   c rys t a l s   ( r e l i c s  of t he   l a rge r   phenoc rys t s )   a r e  
scat tered throughout  the glass .  The index of re f rac t ion  of the  basa l t  g lass  
i s  1. 595. 
7 . 6  THERMAL  ANALYSIS 
7. 6. 1 Di f fe ren t ia l   Thermal   Analys is  
See   F igu re   7 -2 .  
I- - 
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F i g u r e  7 - 2  Basalt Glass D T A - 1  
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7.  6 .  1. 1 Sensit ivity 
The   sens i t iv i ty  is 5 p v / c m .  
7.  6 .  1. 2 Peak  va lues  
T h e s e  are:  
64OoC ( - t )  Broad 
738OC (+) 
853  C (-t)  F a i r l y  s h a r p  
0 
977OC (-I-) 
1055OC ( - )  
Upon cooling, these peaks are absent.  The init ial  upward swing of the 
cooling DTA curve is instrumental .  A second heating shows no such peaks 
( F i g u r e  7 -3 ) .  P e r h a p s  t h e  c r y s t a l l i t e s  a r e  r e s p o n s i b l e  f o r  s o m e  of the peaks.  
7.  6. 2 Thermograv ime t r i c   Ana lys i s  
The   TCA  cu rve   (F igu re  7 - 4 )  r e c o r d s  a 3 - m g  weight  gain from 
6 0 0  to  1O5O0C. Such a gain amounts to 1.  370 by weight. In view of the un- 
expected behavior of the basal t  glass ,  addi t ional  tes ts  were run,  but  ident i -  
cal  resul ts  were obtained.  
A possible explanation for this reaction is  that   the   basal t   g lass  
(me l t ed   a t  1300 C in  a graphi te  c ruc ib le  for  30 minutes and then air  cooled) 
may conta in  e lementa l  i ron  reduced  by the graphite.  The weight gain could 
then be accounted for by 9 .  3 m g  of iron oxidizing to Fe203. Whether the 
basal t   g lass   contains   the 370 uncombined  i ron is  not known. 
0 
7.  6.   3 Mass   Spec t romete r   Ana lys i s  
Except   for  a v e r y  small amount of abso rbed   wa te r   (F igu re  7 - 5 ) ,  
the mass  spec t rometer   does   no t   de tec t   the   p resence  of any  other  volati le.  
A s  mentioned above, the DTA curve  is auite complex, showing exothermic 
peaks  a t  64OoC,  738OC, 853OC, and 9 7 7  C ,  and an endothermic peak at  
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F i g u r e  7-5 Mass   Spec t romete r   Curve  of Basalt Glass-Scan With H 2 0  
Peak   P lo t ted  
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I 
1055OC. T h e r e  is no corresponding react ion in  the mass  s p e c t r o m e t e r .  
Moreover ,  the TGA sample   ga ins   weight   dur ing   the   course  of the experi-  
ment ,  while  the mass  spec t romete r  s ample  does  no t .  P re sumab ly ,  t he  
gain in  weight  may be the resul t  of F e  oxidation. Since oxygen is absent  
in the mass  spec t rometer ,   th i s   would   account   for   no   increase   in   weight   in  
t he   mass   spec t romete r   s ample .  
7. 7 X - R A Y  DIFFRACTION  PATTERNS 
7. 7. 1 Debye-Scher rer   S tandard  
The   X-ray   photograph   (F igure   7 -6)  of the   basa l t   g lass   shows  no  
l ines ,  confirming i ts  noncrystal l ine nature .  There is ,  Ohowever ,  one wel l -  
defined but very weak line with its d-value equal to 2 .  5A ( T a b l e   7 - l ) ,   c o r -  
responding to a s t rong plagioclase l ine.  This  confirms the resul ts  of a 
previous opt ical  examinat ion,  which disclosed the presence of a s m a l l   a -  
mount of unfused plagioclase.  I t  may be explained by the fact that this X-ray 
TABLE 7 -  1 
COMPARISON O F  EXPERIMENTAL AND ASTM D-VALUES 
F O R  BASALT GLASS 
" ~ ~. ~. .- ~~ .. 
Exp ( A )  
3 .  1 
0 
ASTM ( A )  
0 
- ~ ~ 
- 
2.  5 2. 51 (plagioclase)  
2. 3 - 
L" 
Figure  7-6  Basa l t  Glass  X-Ray Pattern Taken with 
the Debye-Scher rer   Camera  
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film had  an  exposure  t ime longer  than  normal .  S ince  the  l ine  is weak, only 
a v e r y  small amount of plagioclase could be present .  Two other  very weak 
l ines   a r e   d i sce rn ib l e   on   t he   X- ray  film. These too correspond to  plagioclase 
l ines.  
7. 7 .  2 Bendix Vacuum Camera Standard 
Table   7 -2   compares   the   Bendix   Camera   S tandard   wi th   the   Debye-  
Scher rer   S tandard .  
TABLE  7-2  
COMPARISON O F  OBSERVED D-VALUES AND RELATIVE INTENSITY 
MEASUREMENTS FOR BASALT GLASS 
Debye-Scherrer   Standard,   Cu K Bendix   Camera   S tandard ,   Cu K 
CY 
dabs i s i 
i i 
0 0 
3. 1 20 The  quantity of c rys t a l l i ne  
plagioclase  in   the  sample is 
2. 5 100  too  small   to   cause  observable  
diffraction  l ines  on  the  Bendix 
2. 3 20 Camera   S tandard .  
7. 7. 3 Vacuum  Pa t te rns  
A l l  diffraction patterns obtained under the conditions of P h a s e  I 
failed t o  show any l ines  as  did the Standard (Table  7-2) ,  indicat ing no s ig-  
nificant change in long-range order in the glass as a product of r e c r y s t a l -  
l izat ion.  This  mater ia l  was not  used in  Phase 11. 
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SECTION 8 
CALCITE 
8.1 FORMULA 
CaC03.  
8. 2 MINERAL CLASSIFICATION 
Carbonate.  
8. 3 SPECIMEN LOCALITY 
Creel,  Chihuahua,  Mexico. 
8.4 PROCUREMENT SOURCE 
Southwest Scientific Go. , Scot t sda le ,  Ar izona .  
8. 5 OPTICAL MICROSCOPIC ANALYSIS 
Th i s  c l ea r  c rys t a l  of ca lc i te ,  var .  Ice land  spar ,  i s  of the highest 
purity.  No o ther  phases  a re  v is ib le  under  the  microscope  (F igure  8-1) .  
I t  should be noted, however,  that  the glide twinning characterist ic of 
c rushed  ca lc i te  is quite evident in the grains studied. The ordinary index 
of re f rac t ion   i s  1. 658. 
8.6 THERMAL ANALYSES 
8. 6. 1 Different ia l  Thermal  Analysis  
See Figure 8-2.  
8-1 
I 
0 0. 1 0.2 mm 
I 
F i g u r e  8- 1 P h o t o m i c r o g r a p h  of C a l c i t e ,  210X, DTA S a m p l e  i n  M e d i u m  
Having Index of R e f r a c t i o n  of 1 .  56 
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Test: DTA 
Mineral:  C cite 
Weight: 200 mg 
Sensitivity: 30 pv/cm ./ 
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Figure  8-2  Calcite DTA 
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Figure 8 - 3  Calcite TGA 
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8. 6. 1 .  1 Sensi t ivi ty  
The   sens i t iv i ty   i s  30 p v / c m .  
8. 6. 1. 2 Peak  va lues  
T h e s e   a r e :  
25OoC (t) 
938 C ( - )  Loss of CO . 0 
2 
A smal l  bu t  broad  exothermic  peak  is noted at 250 C, probably 
the inversion of aragoni te  into calci te .  A more  s igni f icant  endothermic  
peak   occurs   a t  938OC. 
0 
8. 6. 2 Thermogravimet r ic  Analys is  
A s ingle ,  s t rong  endothermic  peak  i s  shown a t  938  C, nea r ly  an  
0 
ideal  zero-order  react ion.  The TGA weight loss amounts to 44. 3% of the 
sample  weight  (F igure  8-3)  and  i s  composed  essent ia l ly  of GO2. I t  compares  
favorably  with  the  theoretical   weight  loss  (44. 070). 
8. 6 .  3 Mass  Spec t rometer  Analyses  
The calci te ,  while  subject  to  a to t a l  p re s su re  of 1 x 10 t o r r  o r  a 
of approx ima te ly   t o r r ,   decomposes   a t  a t e m p e r a t u r e  of 323OC 
f 5 to yield CaO and GO2. The e lec t ron  beam in  the  mass  spec t rometer ,  
in addition to ionizing the GOz, possesses  suff ic ient  energy to  break some 
of the molecular  bonds of the C02 and produce CO, C ,  and 0. Consequently,  
s e v e r a l   m a s s   s p e c t r o m e t e r   c u r v e s   a r e   r e q u i r e d   t o   m o n i t o r   t h e   v o l a t i l e s  
(F igu res   8 -4  t o  8-7).  
- 6  
It should be emphasized, however,  that  only one of the volatiles 
(GOz) is a d i r ec t  p roduc t  of decomposition. Note that the temperatures 
a t   which CO, C,  and 0 a re   p roduced   c lose ly   approx ima te   t he   t empera tu re  
of C 0 2  formation.  
T h e   m a s s   s p e c t r o m e t e r   c u r v e   ( F i g u r e   8 - 4 )   d e s c r i b i n g   t h e   d e c o m -  
position of ca lc i te  ind ica tes  a large peak beginning at  323OC. This  
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corresponds   to   the   l a rge   endothermic   peak   a t  938 C on the  DTA  curve.  
Although the loss of absorbed   water  is sma l l   (F igu re  8-5) ,  e s t i m a t e d   a t  
< 1%. i t  is neve r the l e s s   r e spons ib l e   fo r   t he   s l i gh t   endo the rmic   d r i f t   i n  
the DTA curve and the minute weight loss in the TGA curve. The evolution 
of C and 0 is shown  in   Figures  8-6 and 8-7.  
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8 . 7  X-RAY DIFFRACTION PATTERNS 
8. 7. 1 Debye-Scher rer  S tandard  
Tge   ca lc i te   pa t te rn   (F igure  8-8) revea ls   one   very   weak   l ine  
(D 3. 3A) that  does not  belong with the others .  This  l ine corresponds 
to   the   s t ronges t   l ine  of a ragoni te   (Table   8 -1) ,  a h igh-pressure   po lymorph 
of calcite.  Since i t  is an establ ished fact  that  calci te  can be t ransformed 
into aragoni te  with gr inding,  the presence of a small amount (< 10/0) of 
aragoni te  in  the sample is not unexpected. Heating the sample should 
cause  the  a ragoni te  to  re t ransform in to  ca lc i te .  This  invers ion  probably  
corresponds  to   the  low  exothermic  peak  barely  detected  a t  25OoC on  the 
DTA  curve.  
TABLE 8- 1 
COMPARISON O F  EXPERIMENTAL AND ASTM D-VALUES FOR CALCITE 
3. 8 
3. 3 
3. 0 
2. 49 
2. 28 
2. 08 
1. 90 
ASTM (8) 
3. 86 
3. 4 ( A r a -  
gonite) 
3. 035 
2 .495  
2. 285 
2. 095 
1. 913 
Exp (g' 
1. 86 
1. 60 
1. 52 
1. 47 
1. 44 
1. 41  
1. 36 
ASTM(A 
0 
1. a75  
1. 604 
1. 525 
1 .473  
1 .440  
1.422 
1. 356 
1. 33 
1. 29 
1. 24 
1. 23 
1. 18 
1. 15 
1. 14 
ASTM(X 
1. 339 
1.297 
1. 247 
1. 235 
1. 179 
1. 1538 
1. 1425 
1. 06 
1. 04 
1. 03 
1. 01 
0. 98 
0. 96 
ASTM(A) 
0 
1. 061 3 
1. 0473 
1. 0352 
1. 0 1  18 
0. 9846 
0. 9655 
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+ 90 mm - 
Figure 8- 8 Calcite  X-Ray  Pattern  Taken  With  Debye  Scherrer  Camera 
/ 50 mm * 
Figure 8-9 Calcite X-Ray Pattern Taken With Bendix 
Vacuum Camera (Magnification 2X) 
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8. 7. 2 Bendix Vacuum Camera Standard 
T h e r e  is genera l ly   good  agreement   (Table  8 - 2 )  between  values of 
the   Debye-Scher rer   and   Bendix   camera   s tandards ,   i r respec t ive  of the 
genera l ly  poorer  reso lu t ion  of the  la t te r .  F igure  8-9  shows the  X-ray  
pat tern  taken  with  the Bendix Vacuum  Camera .  
TABLE  8-2 
COMPARISON OF  OBSERVED  D-VALUES AND RELATIVE 
INTENSITY MEASUREMENTS FOR CALCITE 
Debye-Scherrer Standard,  CuKcv 
d 
ob s 
3. 8 
3. 3 
3.  0 
3. 28 
2. 08 
I .  9 0  
1. 60  
1. 52 
1. 41 
- i 
i 
0 
25 
25 
100 
50 
50 
50 
9 0  
50 
50 
Bendix Camera Standard,  CuKa 
s 
3. 7 
3 .  2 
2.  8 
2. 3 
2. 1 
1. 9 
1. 7 
1. 5 
1. 4 
- i 
i 
0 
5 
40 
100 
20 
3 0  
30 
30 
10 
10 
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8. 7. 3 Vacuum Pat te rns  
All  diffraction  patterns  obtained  under  the  conditions of P h a s e  I 
precisely dupl icated that  of the s tandard,  using visual  comparison.  There-  
f o r e ,  as explained in Section 8. 8 ,  no   change   occur red   and   th i s   minera l  
was not included in Phase 11. 
8 . 8  ANALYSIS O F  THERMODYNAMIC AND CRYSTAL STRUCTURE DATA 
The  s t ruc ture  of calci te  is analogous to that of NaCl with the Ca ions 
t 2  
and the Cog'  groups replacing the N a t  and C1- ions,  respect ively.  To 
accommoda te   t he   l a rge   p l ana r   C03-2   g roups ,   t he   un i t   c e l l   i s   compressed  
along a 3-fold axis to yield a face-centered  rhombohedral   cel l   (see 
F i g u r e   8 -  10) .  The  a r r angemen t  of the Cat2 ions approximates that of cubic 
c losest  packing.  The Cat2 ions are  all s t ructural ly  equivalent ,  and each 
is coordinated by s ix  oxygen atoms of s ix  d i f fe ren t  C03-2  groups .  Each  
oxygen atom linked to two Ca atoms and a carbon a tom.  The  s t ronges t  
bonds within the s t ructure  are  the C - 0  bonds of t he  C03  g roups .  - 2  
Calci te ,  when subjected to  e levated temperatures ,  decomposes to  a 
sol id ,  CaO, and a g a s ,  GO2. The decomposition of calci te  requires  the 
rupturing of one of the strong C - 0  bonds,  thus explaining i ts  relatively 
high thermal  s tabi l i ty .  One of- the products  of decomposition, CaO, has 
the NaCl s t ructure .  Consequent ly ,  each ion is octahedrally coordinated 
by  six  ions of the  opposite  type. 
Much  information  concerning  the  thermodynamics of the  dissociation 
of calcite is  available.  One of the  ear l ies t  a t tempts  to  de te rmine  the  vapor  
p r e s s u r e  of calci te  was undertaken by J. Johnston (1910). He determined 
the  vapor  p re s su re  of calci te  a t  temperatures  between 887 and 1167OC 
( see  F igu re  8 -11) .  F rom these  vapor  p re s su re  da t a ,  he  ob ta ined  the  
following relation: 
Log P = -9 ,340T t 1. 1 log T - 0. 0012T t 8.  882. - 1  
c02 
In 1923, Smyth and Adams studied the system CaO - CaC03  - C 0 2  
over  the  tempera ture  range  1500 - 83OoC and obtained the equation: 
Log P (mm) = - 11,  355T - 5. 388  log T t 29.  199. - 1  
c02 
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Figure  8-10 The Structure  of Calcite and Lime 
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F igure  8 - 1 1  Stabi l i ty  Curve of Calc i te  
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Litt le  confidence  should  be  placed in these equat ions outs ide of the 
tempera ture   range   f rom  which   they   were   formula ted .  
One of the   mos t   comprehens ive   s tud ies  of the  stabil i ty of ca lc i te   was  
that  of H. L. J. Backs t rom (1925) .  Backs t rom,  in  h is  ca lcu la t ions ,  appl ied  
only the most  re l iable  of the heat capacity data available a t  t ha t  t ime .  F rom 
the data  of Lewis et  al .  (1923),  he obtained a ACp of react ion corresponding 
to the equation: 
ACp = -3. 34 t 1. 378 x ~ C J - ~ T  - 4. 13 x 10 - b T 2  
which he claimed was accurate to within 1 %  fo r   t he   t empera tu re   r ange  
0 - 120OOC. Then  lett ing 
AH = 42,  600 cal /mole 
298 
and 
'd AH = 3. 34 - 1. 378 x 10-2T t 4. 13 x 10 -6T2 ,  
d T  
he  obtained  the  vapor   pressufe  equat ion:  
Log P = - 9 ,  212. 4 T  t 1. 6797 logT - 1. 5048 X 10 T t 0 . 1 5 0 3  X 10 T -+ I. - 1   - 3  - 6  2 
mm 
Backstrom  then  appl ied  his   equat ion  to   the  data  of Johnston  and  obtained a 
value of I = 7. 161, resulting in the equation: 
Log P = 9 ,  212. 4 T  t 1. 6797 log T - 1. 5048 x 10-3T t 0. 1503 x 10 - 1  -6T2 
mm 
t 7. 161. 
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Southard and Royster (1936) studied the stabil i ty of calcite. Utilizing 
values  of Pco obtained over a t empera tu re  r ange  of 774-9OO0C and a 
value of Cp = 0. 76 - 0. 00 16T,  they  obtained  the  equation: 2 
L o g  P c m  = -9 .140T + 0. 382 log T - 0.668 x 10-3T t 9. 3171. -1 
A g raph ica l   r ep resen ta t ion  of the   vapor   p ressure   equat ions  of Southard 
and  Royster   (1936)   and  Backstrom  (1925)  is shown  in   F igure  8- 11. 
The   resu l t s  of the  study of the  decomposition of calci te   under   the 
pressure   condi t ions  of the mass spectrometer   and  DTA  uni t   are   tabulated 
as follows : 
Pco2 mm Hg T e m p e r a t u r e  C 0 
DTA 
M a s s   S p e c t r o m e t e r  
25  732 rt 20 
1 . 5  x 323 f 5 
T h e   p a r t i a l   p r e s s u r e  of CO is based upon an atmospheric  content  of 
0. 033 f 0. 001% C02 (Weast ,  1964)  and a p r e s s u r e  of 5 x mm of  Hg 
within the mass s p e c t r o m e t e r .  
2 
Extrapolation of the  data  on  calcite  stabil i ty  to  lunar  conditions  gives:  
Luna r   Tempera tu re  TOC TOK pco2 mm of Hg 
” 
Backs t rom  Southard  & 
Royster  
1925  1936 
Minimum  nighttime -180  93 2. 1 x 10 
Equi l ibr ium at 1 -m  dep th  - 55  218 4. 5 X 2 . 2  x 10 
Maximum  dayt ime t130   403  1. 8 x 10 
- 89 2 .1  x 10 - 87 
-31 
- 12 3 . 2  x 1 0 - y ’  
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At l u n a r  p r e s s u r e  ( 1  x 10 mm of Hg) -11 
. ~ ~~ 
TOC TOK 
" 
Backstrom,  1925 145  418 
Southard  and  Royster,   1936  138 4.11 
Based on the above data ,  calci te  should be s table  under  the extremes 
of the  lunar  environment.  
SECTION 9 
CALCIUM  MONTMORILLONITE 
9 . 1  FORMULA 
Hydrous aluminum si l icate-H 0, OH. 
2 
9.3  SPECIMEN  LOCALITY 
Gonzales ,   Texas .  
9.4  PROCUREMENT  SOURCE 
Sample G360,  Southern Clay Products .  
9.5  OPTICAL  MICROSCOPIC ANALYSIS 
The specimen is  f inely divided,  with the largest  grains  not  exceeding 
2~ in  d i ame te r  (F igu re  9 -1 ) .  The  on ly  impur i t i e s  ev iden t  a re  a few minute 
shards .  The  y index of the calcium montmori l loni te  is 1. 505. 
9.6  THERMAL  ANALYSES 
9. 6. 1 Differen t ia l  Thermal  Analys is  
See  F igure  9-2.  
9. 6. 1. 1 Sensit ivity 
The  sensi t ivi ty  is  1 Opv/  cm.. 
9 -1 
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F i g u r e  9- 1 P h o t o m i c r o g r a p h  of Ca-Montmor i l l on i t e ,  210X; t h e  
Un t rea t ed   Sample  in Medium  Having   Index  of R e f r a c t i o n  of 1. 48 
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Test: DTA 
Mineral:  Calcium  Montmorillonite 
Weight: 127.5 mg 
Sensitivity: 10 pv/cm 
/ Q  l0OO0C I" 
- "/ 691OC 
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Time (Minutes) 
Figure  9 - 2 Ca-Montmoril lonite DTA 
Test: T GA 
Mineral:  Calcium  Montmorillonite 
Weight: 135 mg 
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Time  (Minutes) 
Figure 9-  3 Ca-Montmoril lonite TGA 
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9. 6. 1 .  2 Peak   Values  
T h e s e   a r e :  
14 loC( - )  ) 
: In t e r l aye r   wa te r  
202OC(-) ) 
5 3 l o C ( - )  Perhaps   admixed   I l l i t e  
6 9 I 0 C ( - )   P r i n c i p a l  loss of OH 
91 l0C(-)   Complete   breakdown of s t r u c t u r e  
above  10IO°C(-t)   Mulli te,   spinel,   or  gamma  lumina 
The  double   inter layer   water   peak is typical of calcium-montmori l loni te  
9 .  6. 2 The rmograv ime t r i c  Ana lys i s  
The  TGA (F igure  9 -3 )  i nd ica t e s  a 10. 370 weight loss consis t ing of 
inter layer   water .   fol lowed  by  another  loss of i n t e r l a y e r   w a t e r  of 2 .  270, 
and finally by a 370 l o s s  of OH at the 691OC peak. No fur ther  weight  re -  
duction is r eco rded .  
9 .  6. 3 Mass  Spec t romete r  Ana lys i s  
The calcium-montmori l loni te  sample includes a small amount of 
impur i t i e s ,   wh ich   has   compl i ca t ed   t he   mass   spec t romete r   cu rve   (F igu re   9 -4 ) .  
It i s   ex t remely   d i f f icu l t   to   de te rmine   prec ise ly   the   t empera ture   a t   which   the  
OH volati l ized. 
T h e   i n c r e a s e  of the  water   content   a t  39OC is attr ibuted  to  the  vol-  
ati l ization of water   f rom  the   impur i t ies ,   whi le   the   increase   a t  24OoC i s  
probably   der ived   f rom  the  OH vaporization of the  calcium  montmori l loni te .  
It i s   ev ident   f rom  the   s ize  of the  peaks  that   the  sample  lost  all of i t s   i n t e r -  
l aye r  wa te r  i n  vacuum.  Th i s  l o s s  co r re sponds  to  the  141  and  202OC p e a k s .  
in  the DTA curve.  Furthermore,  the water  peak at  39OC in the mass spec -  
t r o m e t e r  c u r v e  c o r r e s p o n d s  t o  t h e  DTA peak at 531OC. Likewise,  the 
24OoC peak   co r re sponds   t o   t he  691OC peak  in  the  DTA  curve.  
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Figure  9-4  Mass  Spec t rometer  Curve  of Ca-Montmori l loni te-H20 Peak 
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9 . 7  X-RAY  DIFFRACTION  PATTERNS 
9.   7 .  1 Debye - Sche r r e  r Standard 
F igu re   9 -5   shows  a ca lc ium-montmor i l lon i te   X-ray   pa t te rn   t aken  
with the Debye-Scherrer  camera.  The Debye-Scherrer  s tandard in  general  
shows  excel lent   correlat ion  with  ASTM  values  as shown  in  Table 9-1 .  
TABLE 9-1  
COMPARISON  OF  EXPERIMENTAL AND ASTM  D-VALUES 
FOR  CA-MONTMORILLONITE 
0 0 .  0 0 
EXP (A) ASTM (A) Exp (A) ASTM ( A )  
(4. 50 
1 . 4 9  1.49 4.  O5(Kerr,   1936) (4.  05 
1. 70 1 .  69 4.  50 
Diffuse  lines 
3 . 1 0  
1. 24 1. 24 ( 2.  58 2.  55 
1 .285  1.  29 3 . 0 2  
( 2. 50 
9.  7. 2 Bendix Vacuum Camera Standard 
F igu re   9 -6   shows  a ca lc ium-montmor i l lon i te   X-ray   pa t te rn   t aken  
with  the  Bendix  Vacuum  Camera  (magnification  2x).  
The   cor re la t ion   in   va lues  of the   Debye-Scher rer   and   Bendix   camera  
s t anda rds  is in   genera l   good  except   tha t   d -va lues   for   the   Bendix   camera  
s tandard are  uniformly low (Table  9-2) .  
9. 7 .  3 Vacuum Pat te rns  
The  diffraction  patterns  obtained  under  the  conditions of P h a s e  I 
duplicated those of t he  s t anda rd  wi th in  the  e r ro r  of m e a s u r e m e n t .  T h i s  
r e su l t  i s  surpr i s ing ,  however ,  in  v iew of the fact  that ,  as  shown in Sec- 
tion 9.  8, inter layer   water   should  be  lost   under   equi lbr ium  condi t ions.  
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Figure 9 - 5  Ca-Montmorillenite X-Ray Pattern Taken With 
Debye-Scherrer  Camera 
4 50 mm " 
Figure 9-6 Ca-Montmorillonite X- Ray Pattern Taken With 
Bendix  Vacuum  Camera  (Magnification 2X) 
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TABLE 9-2  
COMPARISON  OF  OBSERVED  D-VALUES  AND  RELATIVE  INTENSITY 
MEASUREMENTS  FOR  CA-MONTMORILLONITE 
r Debye-Scher rer  S tandard ,  CuKo 
s 
4. 5 
4 . 0 5  
3 . 1 0  
2 . 5 5  
1 .  69 
1 . 4 9  
- i 
i 
0 
100 
50 
25 
70 
20 
30 
Bendix Camera Standard,  CuK 
s 
4 . 2  
3 .  8 
2 . 9  
2 . 3  
1 . 5  
1 . 4  
- i 
i 
0 
~~ 
100 
100 
50 
75 
30 
50 
Since this water should volati l ize readily,  equilibrium with respect to i t  
would be easi ly  a t ta ined.  The loss  of in te r layer  water  in  montmor i l lon i te  
i s  known to result in a detectable change in d-values.  Montmoril lonite was 
the re fo re   u sed   i n   Phase  11. 
9. 7 .4  Bendix Vacuum Standard,  Phase 11 
The  s tandard  photograph of montmoril lonite is reproduced  in  
F igure  9-7 .  A compar ison  of the data obtained from the Bendix and Debye- 
S c h e r r e r   s t a n d a r d s  is presented   in   Table   9 -3   and   shows  adequate   cor re-  
spondence. 
9 . 7 .  5 Vacuum Pat te rns ,  Phase  11 
A l l  photographs  taken  under  conditions of high  vacuum  and  over 
all tempera tures  dupl ica ted  tha t  of the  s tandard .  Thus ,  the  resu l t s  of 
P h a s e  I were dupl icated in  this  respect .  Since as noted above, devol- 
a t i l izat ion  should  occur   and  be  readi ly   detected  by  differences  in   X-ray 
pa t te rns ,  these  resu l t s  a re  surpr i s ing .  The  only  explana t ion  a t  hand  is 
t h a t ,  d e s p i t e  t h e  f a c t  s p e c i m e n s  w e r e  p a c k e d  i n t o  c a p i l l a r i e s  as l o o s e l y   a s  
p o s s i b l e   a n d   w e r e  of a min imum  l eng th ,   t he   dehydra t ion  of m o n t m o r i l l o n i t e  
m u s t  b e  p a r t i c u l a r l y  s e n s i t i v e  t o  c o m p a c t i o n .  T h i s  is, in  fac t ,  the  only  
m i n e r a l  of all those  s tudied ,  wi th  the  poss ib le  except ion  of t a l c ,  wh ich  
shou ld   pack   mos t   e f f i c i en t ly .  
T A B L E  9 - 3  
COMPARISON  OF  OBSERVED  D-VALUES AND RELATIVE  INTENSITY 
MEASUREMENTS OF CA-MONTMORILLONITE PHASE I1 
1 D e b y e - S c h e r r e r   S t a n d a r d ,   C U K , ~  
- i 
i 
0 
100 
50 
2 5  
7 0  
20 
30 
B e n d i x   C a m e r a   S t a n d a r d ,  CuK, 
i - 
s i 
0 
4 .  5 
3 . 9  
(not ob5 
2 . 4  
1 .  6 
1 . 4  
80 
50 
served)  
1 100 
, 
I 
~ 
10 
I 
I 20 
I 
F i g u r e  9 - 7  C a - M o n t m o r i l l o n i t e  S t a n d a r d  X - R a y  P a t t e r n  T a k e n  w i t h  
B e n d i x  V a c u u m  C a m e r a ,  P h a s e  I1 (Magnif icat ion 2x)  
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9 . 8  ANALYSIS O F  THERMODYNAMIC AND CRYSTAL STRUCTURE DATA 
Calcium-montmori l loni te  is a m e m b e r  of the  montmori l loni te   group,  
whose  general   composi t ion  is   (1/2  Ca,   Na)O.   7(A13. . jMgom  7-xFex)   Si  0 8 20 
(OH)4 . nH2O. It i s  d i f f icu l t  to  ass ign  a 3-dlmenslonal  cel l  to  the mont-  
mori l loni tes  because of s tacking  d isorder .  Powder  pa t te rns  of dehydrated 
montmoril lonite a r e  s imi la r  to  those  of pyrophyl l i te ,  leading many invest i -  
gators  to  bel ieve that  the montmori l loni tes  are  isotypic  with pyrophyl l i te .  
Hendricks (1942)  suggested that  the s t ructure  of montmoril lonite is  buil t  up 
of composi te  layers ,  each  cons is t ing  of a gibbsite (A12(OH)6) layer sand- 
wiched between two sheets of S i 0 4  t e t r a h e d r a .  In the gibbsite layer, two 
out of e v e r y   t h r e e  OH- groups  are   replaced  by  apical   oxygens of the  Si4010 
shee t s .  In  montmori l loni te ,  the charge balance of the  composi te  shee ts  is 
upset  by subst i tut ions in  both the octahedral  and te t rahedral  s i tes .  Charge 
ba lance   i s   ach ieved   by   the   p resence  of e i t h e r   i n t e r l a y e r  N a t  o r   C a t 2   i o n s .  
Calc ium-montmor i l lon i te   i s   the   minera l   in   which   in te r layer   Cat2   ions   p re-  
dominate .  However ,  these ions may be readi ly  subst i tuted by ions of simi- 
lar  s i z e .  
Two explanations of the  montmori l loni te   s t ructure   have  been  offered.  
Edelman and Favejee (1940) proposed a s t ruc ture   s imi la r   to   c r i s toba l i te  
(F igure  9-8) .  Success ive  S i205  shee ts  a re  jo ined  toge ther  by  the  invers ion  
of e v e r y   o t h e r   t e t r a h e d r o n  s o  that  the  inward  pointing  apical  oxygens a re  
l inked to theA12(0H)6 o r  the Mg2(oH)6 sheets. McConnell (1950) proposed 
that   the   OH-  groups  can  subst i tute   for   the  Si-0  groups  in   the  te t rahedral  
l ayers .  However ,  X-  ray data  favor  the pyrophyl l i te  type s t ructure .  
The  amount  of i n t e r l aye r   wa te r   p re sen t  is a function of both  the  nature 
of the  in te r layer  ca t ion  and  the  phys ica l  condi t ions  (humidi ty ,  t empera ture) .  
In the case of Ca-montmori l loni te ,  the amount  of water lraries between 8 and 
16 molecules  of H20/uni t  cel l .  Midgley and Gross  (1956)  c la im the number 
of s tab le   s ta tes  of montmori l loni te   is  a function of i t s   in te r layer   ca t ion .  
Rowland et  al. (1956) have reported that upon heating, Ca-montmoril lonite 
passes   th rough  two  s tab le   s ta tes   and   tha t   Na-montmor i l lon i te   loses   water  
cont inuously and exhibi ts  no intermediate  s table  s ta tes .  
According to Mackenzie and Bishui (1958),  the dehydration of mont- 
mor i l lon i te   occurs  as the   resu l t  of a combination of two neighboring 
OH-  ions  to  form  one  water  molecule  and  one 0 - 2  ion which is accommo-  
da ted  in  the  oc tahedra l  shee t .  They  note  tha t  the  tempera ture  a t  which  
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Ca S n H  0 
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MgO t CaO t A1203 t SiOz -t H20 
(7 1 0, 7 Mg)4 (si, A1)8 ' 2 2  
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"Dehydrated"  Montmorillonite  Water 
Figure 9- 8 The Structure  of Calcium-Montmorillonite 
t h i s   o c c u r s  is a parabolic function of the  cat ionic   radius   ra ther   that   cat i -  
on ic  cha rge .  The  max imum tempera tu re  of dehydration correspondsoto an 
in te r layer   ca t ion ic   rad ius  of 1 .2A.  This   occurs   because   ca t ions  of 1.2A 
rad ius   comple te ly  fill the  space  between  the  col lapsed  composi te   layers  
while  larger  ions hold the sheets  apar t ,  thus  requir ing less  energy for  the 
expulsion of the water  molecules .  In the  case  of sma l l e r  i ons ,  a s t r o n g e r  
binding of the  ion  to  one  sheet  may  account for  eas ie r   expuls ion .  
0 
Heat ing   montmor i l lon i te   under   a tmospher ic   p ressure   resu l t s   in   the  
l o s s  of in te r layer  water  in  the  tempera ture  range  100-300OC,  and  the  loss  
of the OH- in  the temperature  range 500-750°C.  The var ia t ion in  these 
temperatures  ref lects  the great  degree to  which sol id  solut ion can take 
place in  the montmori l loni te  s t ructure .  Rehydrat ion occurs  readi ly  if the 
dehydration is not taken to completion (i. e .  , the OH- is not lost) .  According 
to  Edelman and Favejee (1940) ,  the absorpt ion is so s t rong  for  dr ied  mont -  
mori l loni te  that  i t  must  be considered a hygroscopic  mater ia l .  The f inal  
breakdown of the montmori l loni te  s t ructure  occurs  between 800-9OOOC. It 
h a s  not   yet   been  es tabl ished  whether   or   not   there  is  a l o s s  of OH- a s soc ia t ed  
with this breakdown. The final phases formed vary according to the initial 
composi t ion.  The most  important  of these  products  are  spinel,  CY o r  p q u a r t z  
or  c r i s toba l i te .  The  maximum hydrothermal  s tab i l i ty  i s  a function of compo- 
s i t ion  with  the  greatest   s tabi l i ty   occurr ing  with  the  greatest   subst i tut ion  in  
the  octahedral   and  te t rahedral   s i tes   and  with  the  greatest   resul tant   proport ion 
of inte   r laye r cat ions.  
No11 (1936 and 1944) synthesized montmoril lonite from proportions of 
MgO, Na20,  CaO,  A1203,  HzO, and  Si02. No l l ' s  r e su l t s  a r e  r ep roduced  
below: 
T°C P r e s s u r e   A t m  P m m  of Hg 
H2O 
2 5 0  40. 8 3 . 1  x 10 
4 
300  87  6. 6 x 10 
4 
400  305 2 . 3  x 10 5 
With the aid of these data  and the Clausius-Clapeyron equat ion,  the enthalpy 
of the  react ion  can  be  evaluated  and  the  curve  can  be  extrapolated  to   lower 
p r e s s u r e s   a n d   t e m p e r a t u r e s .  
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Fortunately,   the   experimental   data   are   within  the  range of the  ideal 
behavior of water   vapor   and  consequent ly ,   l i t t le   error  is introduced  by 
non-ideality. A graphical  representat ion of the  fo l lowing  mass  spec t rometer .  
and DTA data  is also  shown  in   Figure 9-9.  
(A13.  3Mg0. 7Lx x Fe )Si8OZ2 + 2 H 2 0  
P m m  of Hg T°C
DTA 12.5  573 f 20 
Mass   Spec t romete r  5 x 240 zt 5 
It was not possible to construct a curve  represent ing  the loss of in te r layer  
water ,   because   i t  is lost   a t  a tempera ture   be low  ambient  (27OC) when sub- 
jected  to a P of 5 x m m  of Hg. H 2 0  
The  extrapolation  of  the  data of No11 (1936 and 1944) to the lunar 
envi ronment   resu l t s   in :  
L u n a r   T e m p e r a t r e   m m  of Hg 
" 
Minimum  nighttime  -180 93 7 . 9  x 10 
-16 
Equi l ibr ium  at   1-m depth - 55  218 4 . 0  x 
Maximum  daytime t130  4031.7 x 10 
At   lunar   p ressure  -160 113 1 . 0  x 10 
3 
-11 
Therefore,  with the establishment of equi l ibr ium  on  the  lunar   surface,  
Ca-montmoril lonite  should  decompose  during  the  lunar  day  and  not  exist  
in a s table   phase at  the  equi l ibr ium  temperature   associated  with a depth 
of 1 m. Reconstitution of the montmori l loni te  s t ructure  during the lunar  
night  is   very  unlikely,   because at  the  lunar   minimum  night t ime  temperature  
the   vapor   r e s su re  of Ca-montmori l loni te  is grea te r   than   tha t  of ice  
( 5 .  2 x IO-'9 m m  of Hg). Consequently, not enough water vapor should 
be  available  for  rehydration. 
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Figure 9- 9 Stability Curve of Calcium-Montmorillonite 
SECTION 10 
GOETHITE 
10. 1 
10. 2 
10. 3 
10. 4 
10. 5 
FORMULA 
HFe 02.  
MINERAL  CLASSIFICATION AND VOLATILE 
Oxy - hydroxide. 
SPECIMEN LOCALITY 
Mesabi Range, Minnesota. 
PROCUREMENT  SOURCE 
Ward ' s  Natura l  Sc ience  Es tab l i shment ,  Inc . ,  Roches te r ,  New York. 
OPTICAL  MICROSCOPIC ANALYSIS 
The  deep  brown-red  co lor ,  the  co l loform s t ruc ture ,  and  para l le l  
ex t inc t ion  a re  typ ica l  of goethite.  Certain portions of the thin section 
(F igu re  10- 1) appear  opaque,  probably due to  the perpendicular  or ientat ion 
of the f ibers  with respect  to the plane of the section. No i m p u r i t i e s   a r e  
evident   under   the  microscope.  
1 0 . 6  THERMAL  ANALYSES 
10. 6. 1 Different ia l   Thermal   Analysis  
See  F igure  10-2 .  
10. 6. 1. 1 Sensitivity 
The sensitivity is 10 p v / c m .  
10-1 
0 0. 5 1 mm 
Figure 10-1 Photomicrograph of Goethite, 47X 
10 -2 _. 
Test: DTA 
Mineral: Goethite 
Weight: 350 mg 
3770 c 
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Figure 10- 2 Goethite DTA 
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Figure 10-3  Goethite TGA 
10 -3 
10. 6. 1. 2 Peak Values 
T h e s e   a r e :  
377OC ( - )  LOSS of H z 0  
96OoC ( - )  Minor endothermic peak due to  some impuri ty ,  
perhaps calci te .  
10. 6. 2 Thermogravimet r ic   Analys is  
The TGA weight loss  amounts to 10. 0% of the  sample  weight  
(F igure  10-3) .  It c losely approximates  the theoret ical  weight  loss ,  which 
i s  ca l cu la t ed  a t  10. 1%. 
10. 6. 3 Mass   Spec t rometer   Analys is  
The specimen decomposes to Fe203   (hemat i t e )   and  H 2 0  in  the mass 
spec t romete r   (F igu re   10 -4 )   a t  44OC *Fj0 under  a t o t a l  p r e s s u r e  of 1 x t o r r  
o r  a P of approximately 3 x t o r r .  In comparison,   the   DTA  curve 
shows a s t rong endothermic dr i f t ,  culminat ing in  a sharp endothermic peak 
a t  377OC. This  dr i f t  probably ref lects  the loss  of absorbed water .  The 
la t te r  cannot  be de tec ted  in  the  mass  spec t rometer  (F igure  1 0 - 5 ) ,  because 
it takes   place at  near   ambient   t empera ture   in   the   vacuum.  
H 2 0  
10. 7 X-RAY DIFFRACTION PATTERNS 
10. 7. 1 Debye-Scher rer   S tandard  
F igu re  10-6 shows the goethite X-ray pattern taken with the Debye- 
Sche r re r  camera .  Th i s  pho tograph  was  t aken  wi th  coppe r  r ad ia t ion  desp i t e  
the  acute   f luorescence  problem  present   with  such  i ron-containing  samples .  
The generally high fi lm background is a r e s u l t  of this. Table 10- 1 com- 
pares   experimental   and  ASTM  d-values   for   goethi te .  
10. 7. 2 Bendix  Vacuum  Camera  Stanuard 
Figure 10-7 shows the goethi te  X-ray pat tern taken with the Bendix 
Vacuum Camera (magnification 2X)- The vacuum camera photographs were 
taken with molybdenum radiation to minimize fluorescence effects.  This 
resu l t s   in  a paucity of measurable   da ta ,   however .  
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Figure  10-4 Mass Spect rometer  Curve of Goethite- 
Scan With H 0 Peak   P lo t ted  
2 
L 
30 
/ 
L 
1 
ra ture  
I 2 2 
a m s  
2 
Time (Minutes) 
F i g u r e  10-5 Mass  Spec t romete r  Curve of Goethi te-H20 Peak 
10-6 
-90 rnrn - 
Figure 10-6 Goethite X-Ray Pattern Taken With 
Debye-Scherrer  Camera 
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Figure 10- 7 Goethite  X-Ray  Pattern  Taken  With 
Bendix Vacuum Camera (Magnification 2X) 
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TABLE 10- 1 
Exp (8, 
5. 0 
4. 2 
3. 3 8  
2. 7 0  
2. 5 8  
2. 45 
2. 25  
2. 18 
A COMPARISON O F  EXPERIMENTAL  AND  ASTM 
D- VALUES FOR GOETHITE 
ASTM (8) 
5. 0 
4. 2 1  
3. 37 
2. 6 9  
2. 5 7  
2. 4 4  
2. 25 
2. 18 
Exp (2) 
2. 00 
1. 9 2  
1. 80 
1. 72  
1. 6 9  
1. 6 0  
1. 56 
1. 5 1  
ASTM (2) 
2. 00 
1. 9 2  
1. 80 
1. 719 
1. 689  
1. 602  
1.  563 
1. 507 
Exp (2) 
1. 4 5  
1. 4 2  
1. 3 9  
1. 35 
1. 32 
1. 262  
1. 242  
1. 19 
ASTM (8) 
1. 456 
1. 4 2  
1. 392 
1.347 
1. 3 1 8  
1. 263 
1. 239  
1. 197 
0 
Exp (A) 
1. 15 
1. 14 
1. 125 
1. 0 6 5  
1. 050  
1 . 0 2 2  
1 . 0 1  
0 . 9 9 5  
ASTM (8) 
1. 1 5 1  
1. 141  
1. 125 
1: 07 1 
0. 996  
Table 1 0 - 2  compares  the  Debye-Scher rer  S tandard  wi th  the 
Bendix  Camera  Standard.  
TABLE 1 0 - 2  
A COMPARISON O F  OBSERVED  D-VALUES  AND  RELATIVE 
INTENSITY MEASUREMENTS FOR GOETHITE 
Debye-Scher rer   S tandard ,  CuK0 /I Bendix   Camera   S tandard ,  MoE 
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10. 7. 3 V a c u u m   P a t t e r n s  
The   pho tographs   t aken   a t   h igh   vacuum  were  all dup l i ca t e s ,   bu t   d i f -  
f e r e d  f r o m  t h a t  of t h e  s t a n d a r d .  T h e  d e h y d r a t i o n  t h u s  o c c u r r e d  a t  room 
tempera tu re  du r ing  the  pumpdown s t age .  Re fe r  t o  F igu re  10- 8. 
F igure  10-  8 T r a n s f o r m e d  G o e t h i t e  ( H e m a t i t e ) ;  P h o t o g r a p h  
Ob ta ined  a t  13OoC and 3 X l o e 1 '  T o r r  
TABLE 10-3  
D-VALUES AND RELATIVE INTENSITIES O F  THE 
TRANSFORMED GOETHITE (HEMATITE)  
1 .  5 7  
1 .  38 
1.  09 
0. 832 ___ ". 1 1 1  
10 
100 
5 
10 
20 
20 
The pa t te rn  i s  fogged  and  has  spot ty  d i f f rac t ion  l ines .  Hence ,  the  
m e a s u r e d  v a l u e s  a r e  s u b j e c t  to  imprec is ion .  In addi t ion ,  the  use  of 
molybdenum  r ad ia t ion   r e su l t s   i n   bo th   weak   i n t ens i t i e s   and   t he   occu r rence  
of r e l a t i v e l y   s m a l l   d - v a l u e s   i n  a r ange  of t h e   p a t t e r n   w h e r e   v a l u e s   a r e  
c lose ly  spaced .  I t  is therefore  very  d i f f icu l t  to  ge t  a co r re spondence  wi th  
ASTM v a l u e s .  H o w e v e r ,  d i r e c t  v i s u a l  c o m p a r i s o n  of the  vacuum and 
s t a n d a r d  f i l m s  s h 0 w s . a  s h a r p  c o n t r a s t  i n  t h e  p a t t e r n s .  T h e r e  i s  no doubt,  
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due  to   the  nature  of the   t ransformat ion ,   tha t   the   t ransformed  phase  is 
hemati te .  Since a t r ans fo rma t ion  occur red ,  t h i s  mine ra l  was  used  in  
Phase  11. 
It should  be  noted  that   the  transformation  was  directly  confirmed 
by the  observat ion of the  color   of   the   t ransformed  mater ia l   subsequent   to  
removal  f rom the camera.  The powderwas hemati te-red in  color ,  while  
goethite is  a cha rac t e r i s t i c  ye l low-brodn .  A d i f f rac tometer  pa t te rn  of 
the   t ransformed  mater ia l   fur ther   conf i rmed  the   ident i f ica t ion   as   hemat i te  
10. 7.  4 Bendix Vacuum Standard,  Phase 11 
A l l  photographs of goethite  obtained  in  Phase I1 of the  experiment  
were also taken with molybdenum radiat ion.  Intensi ty  and d-values  are  
given in the next section. Refer to Figure 10-9.  
10. 7. 5 Vacuum Pat te rns ,  Phase  I1 
Photographs taken at  l iquid ni t rogen,  i iquid COz,  and room temper2 
ture duplicated that of the s tandard.  Photographs at  75OC,  13OoC, and in 
the   s imula ted   spacecraf t   envi ronment   were   dupl ica tes  of each   o ther ,   bu t  
different  than  that  of the  s tandard,   indicat ing  that   dehydrat ion  occurred 
between room temperature  and 75 C. Relative intensity and d-values for 
the   s tandard   goe th i te   and   t ransformed  goe th i te   a re   l i s ted   in   Table   10-4 .  
The sample on removal from the chamber was hematite red in color,  as 
was  t rue  in  the  Phase  I exper iment .  This  fur ther  ver i f ies  the  dehydra t ion  
to  hemat i t e  a s  a transformation product.  Figure 10- 10 shows a photograph 
taken a t  75OC and 5 x IO-'' t o r r .  
0 
10.8  ANALYSIS O F  THERMODYNAMIC AND CRYSTAL STRUCTURE 
DATA 
The   s t ruc tu re  of goethite  is  based  upon a f ramework  of hexagonally 
c lose-packed oxygen atoms (see Figure 10- 11) .  Each Fe atom is  in  
octahedral   coordinat ion  and  l ies   in   the  inters t ices   between  the  c lose-packed 
l aye r s .  Each  Fe  p rov ides  1 / 2  unit  charge to each surrounding oxygen with 
the  other 1 / 2  unit   charge  being  supplied by a hydrogen   a tom  which   ac t s   as  
a bridge between each pair  of oxygen atoms. The bridge is considerably 
weaker   than  the  other   bonds  in   the  s t ructure .  
10 -10 
F i g u r e  10-9 G o e t h i t e   X - R a y   P a t t e r n   T a k e n  as a S t a n d a r d   f o r   P h a s e  I1 
(Magni f ica t ion  2X) 
F i g u r e  10 -10  T r a n s f o r m e d  G o e t h i t e  ( H e m a t i t e )  X - R a y  
P a t t e r n  O b t a i n e d  at 75OC and 5 x 10-1 T o r r  
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Fe 203 
Hematite (after Pauling L Hcndricka, 1925) 
t HZO 
F'304 
Magnetite (after Wyckoff. 1931) 
Figure  10-1  1 The Structures  of Goethite,  Hematite,  and Magnetite 
I 
TABLE 10-4 
D-VALUES  AND  RELATIVE  INTENSITIES O F  THE  STANDARD 
GOETHITE AND,TRANSFORMATION PRODUCT (HEMATITE) 
- ~ , . . .. . . -~ ~ 
Goethite "_ ." 
d 
obs 
- ". .. - ~ 
2. 10 
1. 81 
1. 60 
1. 52 
1. 47 
1. 09 
1. 0 1  
0 .  96 
Hematite 
dabs 
~ 
2. 0 5  
1. 88 
1. 60 
1. 37 
1. 22 
1. 09 
1. 00 
0. 83 
- 
- i 
i 
0 
100 
100 
5 
40 
10 
30 
30 
10 
The  dehydrat ion of goe th i te   resu l t s  f rom the   l o s s  of hydrogen and 
o n e - q u a r t e r  of the   oxygen   a toms of the   c loses t -packed   f ramework  of oxygen 
a toms.  The  product  of decomposi t ion,  hemati te ,  a lso consis ts  of a hexa-  
gonal  c lose-packed  oxygen f ramework  (see  F igure  10-11) .  However ,  i n  
t h i s   ca se   t he   Fe   a toms   on ly   occupy   2 /3  of the   ava i lab le   s i tes   due   to   the i r  
rear rangement  dur ing  the  t ransformat ion .  Lima De Faria and Gay (1962) 
r epor t   t he   fo rma t ion  of i n t e rmed ia t e   d i so rde red   s t ruc tu ra l   s t a t e s ,   fo rmed  
during the dehydrat ion of goe th i te .  Di f fe ren t  in te rmedia te  s ta tes  a re  formed 
by var ia t ions  of the  temperature  and durat ion of the  dehydra t ion .  Clear ly ,  
t he   i n t e rmed ia t e   s t a t e s   a r e   t hose   r e su l t i ng   f rom  incomple t e   dehydra t ion .  
Hcwever ,  the  au thors  of fe r  no information on the s tabi l i t ies  of  the s ta tes  
they report .  
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Under conditions of sufficiently high temperature,  hematite under- 
goes a t ransformation  to   the  cubic   compound  magnet i te   (Fe304)   according 
to   the  react ion:  
6 F e 2 0 3  -. 4 F e 3 0 4  t 02. 
The unit cell of magnet i te  contains  32 oxygens and 24  cations.  The 
possible  cat ionic  posi t ions within the s t ructure  are  those of 4-fold and 6-fold 
coordination. The distribution of the cat ions within the magnet i te  s t ructure  
i s   8 F e t 3  in  the te t rahedral  posi t ions and 8 Fet2 and 8 Fe t3   in   the   oc tahedra l  
posi t ions.  Layers  of oxygens al ternate  with layers  of cat ions perpendicular  
to  a 3-fold axis .  The layers  of cations of 6-fold coordination alternate 
with  layers  in  which  the  cations a r e  dis t r ibuted  in   the  te t rahedral   and 
octahedral posit ions in the ratio of 1 : 2 ?  respectively.  
Schmalz (1959) in an effort to explain the formation of ferruginous 
sed iments ,  ana lysed  the  thermodynamics  of the reaction: 
2 H F e 0 2  * 4 F e  2 3  0 t H 2 0  (g). 
Schmalz  based  his   calculat ions  on  the  data  of Tunell  and Posnjak (1931),  
which  give  the  maximum  temperature  of the stability of HFe02   unde r  a 
P ( H 2 0 )  of 760 mm of Hg a s  1 3OoC. He assumed that  the thermal  expansions 
of the solid phases compensated for each other and therefore arrived at  a 
volume change of solids 7 t 6 .  8 cc /mole  (hemat i te )  for  the  reac t ion :  
a t  one bar  and 130 C. 0 
Using these data in conjunction with the well-known relations (-) = - d P  AS' 
d T  AV'  ' 
he obtained a value of AS' = -37   ca l /deg   mole   for   the   reac t ion  of 130OC. 2:: 
-6- 
.L 
Primed le t ters  refer  to  those quant i t ies  evaluated at  one bar  and 130 C. 
0 
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Assuming that  the hemati te ,  goethi te ,  and water  were in  equi l ibr ium 
at P' and TI (one  bar   and 13OoC) and  that  ACp for   the  react ion is constant ,  
he  formulated  the  equations: 
AH = T'AS' + C p   ( T  - TI) = TI AV' ( d P / d T ) '  + ACp ( T  - TI)  (10-1) 
AS = AS' - ACplnT' /T ( 1 0 - 2.) 
AF = ( T '  - T )  [ AV' ( d P / d T ) '  - ACp] + ACpTln  (T ' /T )  
a t  P I  = P and   T '  f T (10-3)  
Schmalz  then  employed  his own est imated  value  for   the  heat   capaci ty  of 
goethite  in  conjunction  with  those  given by Rossini   (1952)   for   H20  and  hema- 
t i t e   and   a r r ived   a t  a ACp = -5. 6 ca l /deg   mole   (hemat i te )   for   the   reac t ion  
Schmalz  then  introduced a va r i ab le  z which  is   the   ra t io  of the  water   vapor  
p r e s s u r e   p r e s e n t   i n  a sys t em  to   t he   vapor   p re s su re  of pure   water   a t   the  
same  t empera tu re .  S ince  the  f r ee  ene rgy  of a sys t em composed  of two or  
more  so l ids  and  a vapor  i s  a function of the  vapor  pressure ,  th i s  ra t io  (z )  
a l s o  r e p r e s e n t s  a change in  the free  energy.  Consequent ly ,  the interact ion 
of z and F can  be  represented  by  an  equat ion of the   form:  
AF = -RTln   ( z ) .  (1 0 - 4 )  
By combining Equations 10-3 and 10-4, Scmalz obtained an equation 
def ining an equi l ibr ium state  a t  any temperature  T using P' and   T '  as a 
base :  
-RTln ( z )  = ( T '  - T )  . [ AV' ( d P / d T ) '  - ACp] t ACpTln  (T ' /T ) .  
The var iable  z is  proport ional  to  the relat ive humidi ty  ( re la t ive humidi ty  = 
100 z). To obtain the P H ~ O  i t  i s  on ly  necessary  to  mul t ip ly  z by the vapor  
p r e s s u r e  of water  a t  the  tempera ture  in  ques t ion .  The  s tab i l i ty  curve  ob-  
ta ined  f rom  Schrnalz 's   equat ion is g iven   in   F igure  10- 12. 
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F i g u r e  10- 12 S t a b i l i t y  C u r v e s  of G o e t h i t e  a n d  H e m a t i t e  
The  experimental   breakdown  curve a s  defined by the following d a t a  
is also shown  in  Figure  10-  12.  
2 FeO (OH) * F e  0 + H 2 0  
2 3  
DTA 
Mass  Spec t romete r  
12. 5 
- 7  5 x 10 
284 f 20 
44 f 5 
Hemati te ,  if subjected to  extremely high temperatures ,  wil l  t rans-  
form  to   magnet i te   with  the  evolut ion of oxygen  according  to  the  following 
react ion:  
6 F e 2 0 3  - 4 F e  0 t H 2 0  3 4  
The  thermodynamics of this reaction have been studied by s e v e r a l   r e s e a r c h e r s .  
Tigerschiold (1923) ,  using the s tabi l i ty  and heat  capaci ty  data  of Sosman 
and Hostet ter  (1916) ,  formulated the fol lowing equat ion for  the vapor  pressure 
of hemati te :  
Log Pmm = - 2 0 ,  946 /T  t 3 .  5 logT t 0. OOOllT - 0 .  6332. 
The s tabi l i ty  curve plot ted from this  equat ion is  shown in Figure 10-  12.  
A mass  spectrometer   invest igat ion  was  conducted on a powdered 
sample  of penci l  ore  (hemati te)  which.  as  was expected, did not undergo 
t ransformat ion  wi th in  the  thermal  range  of the instrument.  However,  the 
hemati te   sample  did  display a r a t h e r   l a r g e  loss  of absorbed   water  ( ~D/o). 
This  phenomenon  was  confirmed by the  general   downward  dr i f t  of the DTA 
and TCA t races .  Penci l  o re  has  a r a the r  f ib rous  s t ruc tu re ;  wa te r  is  
probably  locked  in   the  inters t ices   between  f ibers .  
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The  stabil i ty of goethi te   and  hemati te   in   the  lunar   environment  is 
tabulated  as   fol lows:  
H F e 0 2  - F e  0 + H 2 0  2 3  
Lunar   Tempe a tu re  T°C TOK P mm of Hg 
Minimum  nighttime - 180  93 1. 6 x 10 
Equi l ibr ium  a t  I - m  depth - 55  218 8. 5 x 10 
- 18 
- 3  
Maximum  dayt ime t130  403 7 . 7  x 10 
At   lunar   p ressure  -121  152 1 x 10 
2 
-11 
6 F e 2 0 3  * 4 F e 3 0 q  t O2 
Lunar  Tempera tu re  T°C TOK P mm of Hg 
Minimum  nighttime - 180  93 
Equi l ibr ium  at   1-m  depth - 55  218 6 . 2 ~  10 
1 . 2  x 10  
-223 
6 . 3 ~  10 
- 89 
-43 
Maximum  dayt ime  +I30   403  
Goethi te  is  unstable  under  the temperature  and pressure condi t ions 
of the  lunar  day ,  bo th  a t  the  sur face  and  a t  a depth of 1 m. However,  the 
hematite  produced  by  the  dehydration is s tab le   under   the   ex t remes  of the 
lunar environment.  Although the thermodynamics of the dehydration in- 
dicate  that   goethite  would  be  stable  during  the  lunar  night,  it is ve ry   un -  
l ikely  that   the   hemati te   produced  during  the  lunar   day  would  t ransform  to  
goethite during the lunar night.  This is borne out  by the fact  that  laboratory 
p repa ra t ions  of goethi te   have  been  res t r ic ted  to   the  oxidat ion of solutions 
of fe r rous  conpounds  or  s low hydrolys is  of f e r r i c  s a l t s .  F u r t h e r m o r e ,  t h e  
v a p o r   p r e s s u r e  of goethite  at  -18OoC is grea te r   than   tha t  of ice   a t   -180°C,  
and  consequently  there  should  not  be  enough  water  vapor  available  for  rehy- 
drat ion.  
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SECTION 11 
GYPSUM 
11. 1 FORMULA 
C a S 0 4  . 2 H20 .  
11. 2 MINERAL CLASSIFICATION AND VOLATILE 
Sulfate - H 0. 
2 
11 .  3 SPECIMEN LOCALITY 
Gi  rgenti,  Sicily. 
1 1 .4   PROC  UREMEN T SOURCE 
Southwest Scientific Co.  , Scot t sda le ,  Ar izona .  
1 1 .  5 QPTICAL MICROSCOPIC ANALYSIS 
T h i s  c l e a r  c r y s t a l  of gypsum,  var .  se len i te :  has  c leavage  f lakes  
which show a centered  f lash  in te r fe rence  f igure  (F igure  11-1) .  The a index 
i s  1 .  5 2 0 .  No impur i t i e s  a re  ev iden t  unde r  the  mic roscope .  
11.6 THERMAL ANALYSES 
11 .  6. 1 Differen t ia l  Thermal  Analys is  
See Figure 11-2.  
11. 6. 1 .  1 Sensi t ivi ty  
The  sens i t iv i ty  i s  10 p v / c m .  
11-1 
0 0. 1 0.2 mm 
F i g u r e  11-1 P h o t o m i c r o g r a p h  of Gypsum,  Crossed P o l a r s ,  210X, 
t h e  DTA S a m p l e  in Liquid  Having Index of R e f r a c t i o n  of 1. 56 
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11. 6 .  1. 2 Peak values  
These  are:  
168OC(-) Loss of w a t e r  of c rys ta l l iza t ion   to   hemihydra te  
203  C ( - )  Loss of hemihydrate  water  
375OC(-t) Recrystallization of anhydri te   f rom  "soluble"   to   " insolu-  
ble"   anhydri te .  
0 
11.  6. 2 Thermogravimet r ic  Analys is  
The  TGA (Figure  11-3)  revea ls  tha t  the  two endothermic react ions 
r e su l t  i n  a weight loss of 19. 870. I t  represents  a loss of H 2 0 ,  which  agrees  
favorably with the theoretical  weight loss of 20. 9%. 
11. 6. 3 Mass  Spec t rometer  Analys is  
The  par t ia l   decomposi t ion  of   gypsum  to   the  hemihydrate   cannot   be 
observed in the mass spec t rometer ,  because  the  sample  i s  exposed  to  a 
t o t a l   p r e s s u r e  of I x 1 0 - 6   t o r r ,   o r  a PH 0 of approximately 3 x 1 0 - 7   t o r r ,  
and   a t   th i s   p ressure   the   change   takes   p lace   a t  a t empera tu re   l e s s   t han  27OC 
(room ambient) .  Since the equipment  does not  have the capabi l i ty  of  subject-  
ing the sample to a tempera ture  lower  than  ambient ,  i t  i s  imposs ib le  to  
determine the exact  temperature  when the change occurs .  The par t ia l  de-  
composi t ion is  evident ,  however ,  by the init ial  high water level indicated 
by the mass spec t romete r  cu rves  (F igu res  11 -4  and  11 -5 ) .  
2 
The  t ransformat ion   f rom  the   hemihydra te   form  to   anhydrous   ca l -  
cium sulfate in the mass spec t romete r  beg ins  a t  52OC f 5 O ,  a s  denoted by 
the  inf lec t ion  poin ts  in  the  f i r s t  two curves  of Figure 11-5.  In compar ison  
with the DTA, the hemihydrate and the soluble CaS04 transformations cor- 
respond to the two endothermic peaks in the DTA curve at  168OC and 203OC. 
The   recrys ta l l iza t ion  of the soluble CaS04 to anhydrite corresponds to the 
exothermic peak in  the DTA curve at  375OC. However ,  this  react ion is  not  
evident in the mass s p e c t r o m e t e r .  
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Test: DTA 
Mineral:  Gypsum 
Weight: 200 m g  
Sensitivity: 10 p / c m  / 
0 
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Figure 11 - 2  Gypsum DTA 
Test:  T GA 
Mineral: Gypsum 
- Weight: 130 mg 
Sensitivity: 
lO0OC 1 
0 10 20 30 40 50 60 70 80 
Time (Minutes) 
Figure 11 - 3  Gypsum TGA 
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Figure  11-5 M a s s  Spect rometer  Curve  of Gypsum-HH20 Peaks 
11-6 
" 
I 
11.7 X-RAY DIFFRACTION PATTERNS 
11. 7. 1 Debye-Scherrer Standard 
Figure  11-6  shows  the  gypsum  X-ray  pattern  taken  with  the Debye- 
Scherrer  camera. The agreement between d-values of the Standard and 
the ASTM pattern  is  generally  very  satisfactory  (Table 11- 1). 
TABLE  11- 1 
COMPARISON O F  EXPERIMENTAL AND ASTM  D-VALUES 
FOR GYPSUM 
G€p (2) 
6. 5 
6. 0 
4. 1 
4. 4 
4. 7 
3. 55 
9STM (X) 
6. 6 
5. 9 
4. 13 
4. 3 8  
4. 63 
3. 63 
(Scolecite) 
2. 86 
2. 6 8  
- 
~~ 
Exp (A) 
0 
2. 57  
2. 45 
2. 33 
2. 25 
2. 19 
2. 05  
1. 95 
1. 87 
1. 80 
- .~ ~ 
0 
ISTM (A) 
2. 57  
2. 43 
___ 
2. 3 2  
2. 26 
2. 1 8  
2. 05 
1.  95 
1. 87 
1. 80 
3:xp (A) 
1. 75 
0 
1. 72 
1. 62 
1. 57 
1. 5 4  
1. 47 
1.44 
4STM (x) 
1. 75 
1 .  72 
1. 62 
1. 53 
1. 5 2  
;colecite) 
1. 46 
1 .43  
(Scolecite) 
1. 42 1. 4 2  
1. 3 8  1. 3 8  
1. 33 
1. 30 
1. 23 
1. 2 1  
1. 19 
1. 14 
1. 09 
1.  06 
1. 02 
ASTM (8) 
1. 33 
1 .  3 1  
1. 2 4  
1. 22 
1. 19 
1. 14 
1. 0 8  
1. 06  
1. 0 2  
11. 7. 2 Bendix Vacuum Camera Standard 
Figure 11- 7 shows  the  gypsum X- ray  pattern  taken  with  the Bendix 
vacuum camera (magnification 2X). The agreement of values for the 
Bendix camera  standard with  those  for  the  Debye-Scherrer  standard  is 
somewhat  unsatisfactory  only in the  low  theta  region  where  precision  is  re- 
latively low  (Table 11- 2).  
I 
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Figure 11-6 Gypsum X-Ray Pattern Taken With 
Debye-Scherrer  Camera 
4 50 m m  b 
Figure 1 1- 7 Gypsum  X-Ray  Pattern  Taken With 
Bendix  Vacuum  Camera  (Magnification 2X) 
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TABLE 1 1 - 2  
COMPARISON O F  OBSERVED  D-VALUES  AND  RELA' 
INTENSITY MEASUREMENTS FOR GYPSUM 
3ebye-Scher rer  S tandard ,  CuK, 
d 
obs  
4. 3 
3. 75  
3. 0 1  
2. 75  
2. 6 7  
2. 49 
2. 20 
2. 0 8  
1. 87  
1. 80 
1. 77 
1. 66 
- i 
1 
0 
100  
15  
2 
7 
6 0  
6 0  
2 5  
5 0  
50 
80 
7 0  
7 0  
Bendix  Camera  Standa 
d 
obs 
4. 1 
3 .  5 
3. 2 
2. 8 
2. 6 
2. 5 
2. 2 
2. 0 
1. 9 
1. 8 
1. 7 
1. 6 
~- 
i - 
1 
0 
10 
7 
7 
7 
1 
1 
1 
4 
3 
3 
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11. 7. 3 Vacuum Pat terns  
Photographs of the   sample  of gypsum  under   high  vacuum  were  a l l  
dupl ica tes   as   de te rmined  by direct '   v isual   comparison,   but   were  different  
than the standard photograph, indicating a change in  composi t ion and/or  
s t ructure .  The pat tern of the t ransformed mater ia l  was readi ly  indexed by 
reference to the ASTM pattern of CaS04 - 1 / 2  HZO, the hemihydrate.  The 
photograph  taken  a t   room  temperature   and  high  vacuum,  direct ly   fol lowing 
pumpdown, is  reproduced as Figure 11- 8. Values of interplanar spacings 
a r e  given in Table 11- 3 and  compared  with  the  intense  l ines  of the  hemihy- 
drate from the ASTM file.  
TABLE 11-3  
COMPARISON O F  D-VALUES O F  TRANSFORMED  GYPSUM AND 
VALUES FROM THE ASTM PATTERN OF CaS04 1 / 2  H 2 0  
I Transformed  Gypsum 
d 
obs 
3. 5 
3. 0 
2. 8 
2.  3 
2. 0 
1. 9 
1. 8 
1. 6 
1. 4 
1. 3 
i 
i 
- 
0 
10 
100 
100 
10 
10 
10 
70 
50 
10 
5 
d 
obs 
3. 48 
3 . 0 1  
2. 80 
2.  33 
2. 00 
1. 9 1  
1. 85 
1. 6 9  
1. 39 
1. 35 
~ 
i - 
i 
0 
6 0  
90 
90  
20 
10 
20 
60 
40 
5 
5 
1 
As noted  above,   pat terns   obtained  both  a t   room  and  higher   temperatures  
were  the  same,  wi th  no indication of fu r the r  l o s s  of water to anhydrite.  The 
2-phase  decomposi t ion  is   d iscussed  in   detai l   in   Sect ion 11. 5. 
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Figure  11 -8 X-Ray  Pattern of Cas04 - 1 / 2 Hz0 Obtained at Room 
Temperature  and a Vacuum of 5 x Tor r  
Figure 1 1 - 9  Gypsum X-Ray Pattern Taken as Standard for 
Phase I1 Experiments 
Figure 11 -1 0 X-Ray  Pattern of Cas04  - 1 / 2 Hz0 Obtained at 
5.4 x Torr  and  Liquid  Nitrogen  Temperature 
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11. 7 . 4  Bendix Vacuum Standard,  Phase I1 
Figure  11-9 shows the gypsum X- r a y  pa t te rn   t aken   as   s tandard   for  
Phase  I1 Exper iments .  
Table 11 -4  shows a compar ison  of d-values   ofgypsum  s tandards  for  
P h a s e s  I and 11. 
TABLE 1 1 - 4  
COMPARISON O F  D-VALUES O F  GYPSUM STANDARDS 
FOR PHASES I AND I1 
Phase  I 
d 
obs 
4. 1 
3 .  5 
3.  2 
2 .  8 
2 .  6 
2.  5 
2.  2 
2 .  0 
1. 9 
1. 8 
1. 7 
1. 6 
i - 
i0 
100 
5 
5 
7 0  
7 0  
7 0  
10 
15 
1 5  
40 
30 
30  
.~ 
Phase  I1 
- 
d 
obs 
4. 3 
- 
- 
2 .  9 
2. 7 
2 .  5 
2 .  3 
2. 0 
1. 9 
- 
1. 7 
1. 6 
i - 
i 
0 
100 
- 
- 
50 
40 
30 
20 
10 
30  
- 
10 
10 
- ~~ 
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11. 7. 5 Vacuum Pat te rns ,  Phase  I1 
Photographs  were  obtained of gypsum a t  var ious   s tages  of the  pump- 
down,  since  there  was  an  indication  in  Phase I experiments   that  it was  the 
most  l ikely phase to  undergo t ransformation.  The photograph obtained at 
19-29 m m  of Hg pressure  dupl ica tes  the  s tandard  (F igure  11-9). However,  
the  next   photograph  (Figure 11-  l o ) ,  taken a t  a p r e s s u r e  of about 5 x m m ,  
was of C a s 0 4  - 1 / 2  HzO. The  pressure  in  the  vacuum chamber  was  con-  
t inuously  monitored  during  pumpdown,  but  there  was  no  indication of t he  
p r e c i s e   p r e s s u r e  of dehydration. 
Table 11 -5  shows a compar ison  of d-va lues  of t ransformed  gypsum 
f rom  Phases  I and 11. 
TABLE 11-5  
COMPARISON O F  D-VALUES O F  TRANSFORMED  GYPSUM 
(CaS04 - 1 / 2  HZO) FROM PHASES I A N D  I1 
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- 
" - - -  - - - - - 
All other subsequent high-vacuum photographs,  including that at  130 C,  
dupl icated the one shown in Figure 11-  10. Thus,  the second dehydrat ion 
s tep  d id  not  occur ,  as  was  the  case  in  Phase  I. In addition, the photograph 
taken  in  the  spacecraft   environment  exhibited  no  evidence of rehydrat ion.  
The   dehydra t ion   sample   f rom  Phase  I a lso  showed  no  rehydrat ion  af ter  
subsequent   lengthy  exposure  to   the  a tmosphere.  
0 
11 .8  ANALYSIS O F  THERMODYNAMIC AND CRYSTAL STRUCTURE DATA 
Gypsum, a m e m b e r  of the monoclinic system, has a l aye r - type  s t ruc -  
t u r e  ( s e e  F i g u r e  11- 11) .  The  layers  which  a re  para l le l  to  the  (010)  face con-  
s i s t  of two  sheets of SO, groups  l inked  together by CatL  ions so  as   to   form  r ig id  
double  sheets .  These double  sheets  a l ternate  with sheets  of water  mole-  
cules .  Each Ca atom is  coordinated by eight oxygen atoms, six belonging 
to the SO, groups and two belonging to two water molecules. Each Cat2 ion 
within a double  sheet  is  linked  to  both  an  oxygen  atom  in  the  same  double 
sheet and one in a neighboring sheet  by a water  molecule .  The relat ive 
weakness  of these  lat ter  bonds  explains  the  good  cleavage  parallel   to  the 
(0 10) face.  
Kelley,  Southard,  and Anderson (1941) report  six solid phases in the 
C a s 0 4  - -  Hz0 sys tem wi th  d is t inc t  thermodynamic  proper t ies :  gypsum,  
two polymorphs of the  hemihydra te  (0, p ) ,  two polymorphs of soluble anhy- 
d r i t e  (a ,  p ) ,  and insoluble anhydrite.  
The   d i rec t   dehydra t ion  of gypsum  to   form  anhydri te   occurs ,   but   is  
generally  not  applicable  to  vacuum  conditions.  
The reaction 
CaS04 * 2 H 2 0  - CaSO (insol)  t 2 H 0 
4 2 
takes  place  only in the   p re sence  of w a t e r   o r  a salt   solution. 
The reaction 
CaSO * 2 H 2 0  - CaSO (so l  a )  t 2 H 2 0  
4 4 
according to  Kel ley et  al. never  occurs  under  equi l ibr ium condi t ions and 
probably  never  occurs  under  nonequilibrium  conditions.  
1 
I 
c sina 3 5.7 
caso, 
Anhydrite (after Brapg. 1937) 
F i g u r e  11-11 The S t r u c t u r e  of G y p s u m  and Anhydrite 
The reaction 
CaS04 2 H 2 0  - CaSO (sol p )  + 2 H 2 0  4 
occurs   to  a small   extent ,   but  it has   not   been  es tabl ished  that  it proceeds  
without the formation of the hemihydrate .  The polymorph of the hemihy-  
drate  is  produced when gypsum is dehydrated in  a vacuum,   r ega rd le s s  of 
the  tempera ture  a t  which  th i s  reac t ion  occurs .  The  amount  of w a t e r   p r e s -  
ent  in  CaS04 - 1 / 2   H 2 0  ( p )  i s  jus t  equal  to  the  theore t ica l  amount .  The  
o the r  po lymorph ic  fo rm,  Cas04  1 / 2  H z 0  (cu), contains a var iab le  amount  
of water  and  is   produced  when  gypsum  is   dehydrated  in  an  oven  at   atmos- 
h e r i c   p r e s s u r e .  
The  reaction  which is most   probable   in   the  lunar   environment   is   that  
which  proceeds  with  the  formation of the  phase of the  hemihydrate:  
CaSO * 2 H 2 0  - CaS04 1 / 2  H 2 0  ( p )  t H 2 0  
4 
The s t ruc ture  of the p hemihydra te  i s  s t i l l  in  doubt .  Some researchers  
believe the p hemihydra te   i s  a definite compound whose structure differs 
f rom that  of  soluble  anhydri te .  Others  maintain that  there  is  no difference 
between  the  s t ructures  of  the  hemihydrate  and  soluble  anhydrite  except  in 
their   content  of "zeolit ic"  water.  
Cal l i te l l i   (1933)   and  Florke  (1952)   view  the  s t ructures  of the p poly- 
m o r p h  of the  hemihydrate   as   being  open  with  channels   through  which  water  
molecules  can  move .  There  a re  cer ta in  s i tes  wi th in  th i s  s t ruc ture  which  
a re   energe t ica l ly   more   favorable   and   a re   occupied   when  the   s t ruc ture   con-  
ta ins  the  s to ich iometr ic  amount  of wa te r  (n = 1 /2 ) .  F rom the i r  po in t  of 
view, the dehydration of gypsum is  a "zeolitic"-type loss  of water  wi th  a 
probable  shr inkage of the  ce l l  parameters .  The  s t ruc ture  becomes  s tab le  
again when n = 1 / 2  and all of the  energe t ic  s i tes  a re  occupied .  Upon heat-  
ing ,  the  remain ing  water  i s  los t ,  caus ing  s t ruc tura l  deformat ion  and  changes  
in   the   ce l l   parameters .  
The  f inal   decomposition  product of the  dehydration of gypsum  is   anhy-  
drous CaS04. Depending upon the nature of the hemihydrate from which 
it i s  p roduced  and  the  tempera ture  of dehydrat ion,  CaSO can exis t  in  4 
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severa l  po lymorphic  forms .  The  hexagonal  po lymorphs  (a ,  p )  a r e  p r o d u c e d  
by the dehydration of the i r   respec t ive   hemihydra tes  (a ,  p )  in   vacuum,  a t  
t empera tu res   l e s s   t han  100°C. C a s 0 4  ( a )  contains 0. 02-0. 05% by weight of 
res idua l  Hz0  while   Cas04 (p) contains 0. 16-0. 27% by weight of res idua l  H2O. 
The or thorhombic form of CaS04,  commonly  re fer red  to  as anhydri te ,  is 
produced by the  slow  dehydration of e i ther   hemihydrate   above lOOOC o r  by 
heating the hexagonal forms above 15OoC. The  s t ruc tu re  of anhydr i te  ( see  
Figure  11- 11 )  cons is t s  of a l ternat ing  planes of Ca ions and SO, groups   par -  
allel   with  (010)  and (100) faces .  
Kelley et al. (1941) conducted a comprehensive thermodynamic s tudy 
of gypsum and its  decomposition products.  They formulated the following 
heat  capaci ty  equat ions for  CaS04 - 2 H20,  CaS04 * 1 / 2   H 2 0  (p), C a s 0 4  (p), 
and  H20  f rom  es t imated   ex t rapola t ions  of heat   capaci ty   curves   f rom 
0 - 300°K: 
CaS04 - 2 H20 :  Cp = 21. 84 + 0. 076T  ca lo r i e s /mole  
CaS04 ' 1 / 2  H 0 (0): Cp = 11. 48 t 0. 061T  ca lo r i e s /mole  
2 
CaSO (p): Cp = 14. 10  t 0. 33T  ca lo r i e s /mole  
4 
H20 (g) :  Cp = 7. 45 t 0. OO2T c a l o r i e s / m o l e  
H20  (1 ) :  Cp = 18. 02 c a l o r i e s / m o l e  
However ,  l i t t le  error  is  introduced in  the use of these equations in the 
range of 298-425OK. 
Utilizing  the  aforementioned  heat  capacity  equations,  Kelley  et  al.  (1941) 
obtained the following relations for the decomposition of gypsum to the ( p )  
hemihydrate:  
ACpo = 0. 82 - 0. 012T 
AHo = AHo + 0. 82T - 0. 006T2 
0 
(11-1) 
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Evaluating AH: = 20, 640 c a l o r i e s  f r o m  AH298. = 2 0 ,  3 5 0  ca lo r i e s ,  
Kel ley  e ta l .   (1941)   obtained  the  f ree-energy  equat ion:  
2 AFo = 20, 640 - 1.89 T log T + 0. 006 T + IT. (1   1-2)  
By combining  Equations 1 1 - 1 and 1 1 - 2 to  form  As = A H -  A F O  T , he  obtained 
AS = 0. 82 + 1. 89 log T - 0 .  012 T - I. F r o m  a value of AS298. 53. 1 tal- 
o r i e s ,  I = - 5   l .   4 8   c a l o r i e s  is calculated.  
Likewise,  for  the react ion 
CaS04- 1 / 2 H  O ( p ) - - -  CaS04 (so l  p )  f 1 / 2   H 2 0 ,  2 
the relations giving the free-energy can be calculated. Employing 
ACp = 6. 34 - 0. 027 T 
AHo = AHo t 6. 34 T - 0. 0135 T2 ( 1  1-3) 
0 
with AHo 7170 calor ies   evaluated  f rom  AH298,  = 2610 ca lor ies ,   Kel ley  
e t  al. (1941) obtained the free-energy equation: 
AFG = 7170 - 14.60 T log T + 0.0135 T + IT. 2 (1  1-4)  
Utilizing  the  entropy  equation  obtained by a combination of Equa- 
tions 11-3 and 11-4 and a value of As298. 1 = 16.36  ca lor ies ,  
AS = 6. 34 t 14. 60 log T - 0. 027 T - I 
Kel ley  e t  al. (1941) calculated a value of I = 18. 06 ca lo r i e s .  
Experimental   data  have  shown  that I is  re la t ively  constant   over   the 
range 273. 1 - 380°K. To u t i l i ze  these  f ree-energy  re la t ions  in  the  cons t ruc-  
tion of s tabi l i ty   diagrams  (see  Figure  11-   12) ,  it i s   necessa ry   t o   combine  
them  with  the  well-known  relation  for a reaction  producing  one  mole  of  an 
ideal   gas .  
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1 / T  OK I 
I 
44 1 282 181 101 60 21 -10 -35 -56 -73 -88  -97 
I I I I I I I I I I 
T,'C 
F igure  11- 12  Stabil i ty Curves of CaSO * nH 4 2 
I 
AFo = -RTln P ( 1  1-5)  
where  P is the   vapor   p re s su re   i n   a tmosphe res  of the  phase  under   invest iga-  
tion. Thus, by combining  Equations 1 1 - 2 and 1 1 - 4  with 1 1- 5 , the  vapor 
pressure   equat ions   for   gypsum  dehydra t ing   to   the   hemihydra te   and   for   the  
hemihydra te   dehydra t ing   to   the   so luble   anhydr i te   a re   ob ta ined:  
3 / 2  - - 2 0 , 6 4 0  - 1. 89 T log T + 0. 0 0 6  T -i- 5 1 . 4 8  T 2 
In (P) - ” 
R T  
-7170 - 14. 60 T log T + 0 .  0 1 3 5  T + 18.  06 T 2 
In (P)’l2 = __ . 
R T  
which  define  the  stabil i ty of gypsum  and  the  hemihydrate.  
It was  not  possible  to  determine  the  breakdown  of  gypsum  in  the  mass 
spectrometer ,  because under  experimental  condi t ions at  a P 
5 x m m  of Hg, it decomposes   a t  a tempera ture   somewhat   l ess   than  
27OC. However,  it was possible to study the breakdown of the hemihydrate .  
The mass   spec t romete r   and   t he  DTA data   a re   t abula ted   as   fo l lows:  
H20  Of 
DTA 
P m m  of Hg 
H2° To C 
12. 5 145  
Mass   Spec t romete r  ”_ -” 
D TA 
P m m  of Hg 
H2° ” To C 
12. 5 190  
Mass   Spec t romete r  5 x 10-6   52  
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The  curve  represent ing the experimental   breakdown of hemihydrate  
is shown in Figure 11-  12. The thermodynamic data of Kel ley et  al. (1941) 
extrapolated  to   lunar   condi t ions  gives:  
Gypsum  Hemihydrate (p) 
Lunar  Tempera tu re  To C TOK P m m  of Hg 
Minimum  ightt ime - 180  93 3 .  8 x 
Equi l ibr ium a t  1-m depth  - 5 5  218 1. 2 x l o - 5  
Maximum  dayt ime t 130 40 3 2 . 0  x lo3 
A t  l u n a r   p r e s s u r e  - 137  136 1 . 0  x 1 0 - l 1  
Hemihydrate ( p )  - Anhydrite ( p )  
Lunar  Tempera tu re  
Minimum  nighttime 
T°C TO K P m m  of Hg 
- 180 9 3  1 . 9  x 
Equi l ibr ium  a t 1 -mdepth - 55 218 4. 8 x 
Maximum dayt ime 
At lunar p r e s s u r e  - 110  163 1 . 0  x 10- 
t 130 40 3 2.  8 x 10 
1 
1 1  
The thermodynamic data indicate that gypsum should dehydrate to 
CaS04 ( p )  during  the  lunar  day  and  not  exist   in a s table   phase  a t   the   equi l i -  
b r ium tempera ture  assoc ia ted  wi th  a depth of 1 m .  Given sufficient water 
vapor ,  i t  should  rehydra te  dur ing  the  lunar  n ight .  The  k ine t ics  a re  a l s o  
favorable;  CaS04 (0) rehydra tes  rap id ly  when exposed  to  water  vapor .  The  
other polymorph of CaSO4,  Cas04 ( insol) ,  which is produced by heating 
the soluble polymorphys above 150°C or dehydrating the hemihydrate in a 
vacuum above 100°C, does not readily rehydrate.  Rehydration experiments 
on  this  polymorph of severa l   months   dura t ion   have   genera l ly   p roven   to   be  
unsuccessful.  Therefore,  one would expect to find CaS04 ( p )  below the 
luna r   su r f ace   and  a m i x t u r e  of CaS04  ( inso l )   and   CaS04 ( p )  a t   t he   su r f ace  
with  possible   rehydrat ion of the ( p )  polymorph  during  the  lunar  night. 
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SECTION 12 
HEMATITE 
12.1  FORMULA 
Fe203.  
12. 2 MINERAL CLASSIFICATION A N D  VOLATILE 
Oxide  -none. 
12. 3 SPECIMEN LOCALITY 
Egremont,   Cumberland,  England. 
12.4  PROCUREMENT  SOURCE 
Southwest  Scient i f ic  Co. ,  Scot tsdale ,  Arizona 
12. 5 OPTICAL MICROSCOPIC ANALYSIS 
The  hemat i te  spec imen,  var .  needle  ore ,  i s  too  opaque  for  con-  
ventional microscopic examination. Only the thinnest  edges reveal a 
deep-red color  in  t ransmit ted l ight .  In  ref lected l ight ,  the  hemati te  ap-  
pears  s tee l  g ray  to  red .  Under  the  b inocular  microscope  (F igure  1 2 - 1 ) ,  
no   impur i t ies   a re   v i s ib le   in   the   dense   f ib rous  mass .  
1 2 . 6  THERMAL  ANALYSES 
12. 6. 1 Di f fe ren t ia l  Thermal  Analys is  
F igure   12-  2. 
12-1 
I I 
0 0. 25 0.5 mm 
Figure 12-1 Photomicrograph of Hematite, 1OOX; the DTA Sample 
in  Liquid  Having  Index of Refraction of 1. 68 
12 -2 
12. 6. 1 .  1 Sensit ivity 
The sensi t ivi ty  is 10 p v / c m .  
12 .  6. 1. 2 Peak   Values  
T h e s e  are: 
35OoC (+) 
685OC ( - )  
The DTA curve indicates a general  endothermic dr i f t ,  wi th  a 
minor   exothermic   peak   a t  35OoC and a small endothermic   b reak   a t  685OC 
produced by some unknown impurit ies.  
12 .  6. 2 Thermograv ime t r i c  Ana lys i s  
The  TGA shows no s ignif icant  weight  loss  (Figure 12-3) .  I t  is 
es t imated   tha t   the   weight   loss   amounts   to   l ess   than   1% of the  original 
sample  weight   and is probably  due  to  the  volati l ization of adsorbed  water .  
12. 6. 3 Mass  Spec t romete r  Ana lys i s  
T h e  mass  spec t romete r   cu rve   (F igu re   12 -4 )   r evea l s   t he   l o s s  of 
no volat i les  other  than adsorbed water ,  which explains  the endothermic 
dr i f t  of the DTA curve and the weight loss suggested by the TGA curve.  
A s  noted above, the amount of wa te r   l o s s   i s   e s t ima ted   a t   l e s s   t han   1% 
and  i t   may  have  or iginated  f rom  the  water   locked  within  the  f ibrous  ag-  
g rega te  of the mineral .  On the other  hand,  the small  exothermic peak in  
the  DTA  curve  a t  35OoC cannot   be  re la ted  to  a cor responding   loss  of 
volat i les   in   the mass  spec tomete r .  
12.7 X-RAY DIFFRACTION PATTERNS 
12. 7. 1 Debye-Sherrer  Standard 
" 
Figure   12-5   shows  the   hemat i te   X-ray   pa t te rn   t aken   wi th   the  
Debye-Sche r re r   camera .  
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Test:  DTA 
Mineral:  Hematite 
Weight: 350 m g  
Sensitivity:  10 p vlcm 
l0OO0C 
- 4  
- 5  
0 10 20 30 40 50 60 70 80 
Time (Minutes) 
F i g u r e  1 2 - 2  Hemati te  DTA 
Test:  T GA 
Mineral: Hematite 
Weight: 327.5 mg 
0 10 20 30 40 50 60 70  80 
Time (Minutes) 
F i g u r e  12-3  Hemati te  TGA 
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Tab le  12-1 is a compar ison  of experimental   and  ASTM  d-values  
for   hemat i te .  
TABLE 12- 1 
COMPARISON O F  EXPERIMENTAL AND ASTM D-VALUES 
FOR  HEMATITE 
12. 7. 2 Bendix  Vacuum  Camera  Standard 
F i g u r e  1 2 - 6  shows  the  hemati te   X-ray  pat tern  taken  with  the 
Bendix  vacuum  camera  (magnif icat ion  2X).  
To   ob ta in   an   X-ray   pa t te rn  of this  iron-containing  sample  with  the 
Bendix   vacuum  camera ,   i t   was   necessary  to use molybdenum radiat ion.  
Thus ,  very  few l ines  a re  present .  In  addi t ion ,  one  l ine  does  not  cor -  
respond to  a Debye-Scherrer  l ine,  s ince copper  radiat ion w a s  u sed   fo r  
the  la t te r .  A compar ison  of the Debye-Scherrer  Standard and the Bendix 
Camera   S t anda rd  is presented   in   Table  12-2 .  
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Figure 12-5  Hematite X-Ray Pattern Taken With DebyeScherrer  Camera 
t 50 m m  * 
Figure 12-6 Hematite X-Ray Pattern Taken With Bendix Vacuum 
Camera (Magnification 2X) 
I 
TABLE 12-2 
COMPARISON OF  OBSERVED  D-VALUES  AND  RELATIVE 
INTENSITY  MEASUREMENTS  FOR  HEMATITE 
Debye-Scher rer   S tandard   Bendix   Camera   S t ndard ,  MoKa 
i 
i 
- 
0 
7 5  
7 5  
100 
2 
12.. 7. 3 Vacuum Pat te rns  
A l l  patterns  obtained  under  the  conditions of P h a s e  I duplicated 
the s tandard.  Thus no changes occurred.  However ,  there  is  no known 
change  whose  possible   occurrence  might   be  predicted  to   occur   for   this  
nonvolati le containing mineral .  
1 2 . 8  ANALYSIS O F  THERMODYNAMIC AND CRYSTAL STRUCTURE 
DATA 
A d iscuss ion   i s   g iven   in   the   cor responding   sec t ion   on   geoth i te .  
SECTION 13 
IRRADIATED PLAGIOCLASE 
1 3 . 1  FORMULA 
Sil icate ,  fe ldspar  group - none. 
13. 3 SPECIMEN LOCALITY 
Androtsy ,   Madagascar .  
13.4  PROCUREMENT  SO'JRCE 
Southwest Scientific Co. , Scottsdale ,  Arizona.  
13. 5 OPTICAL MICROSCOPIC ANALYSIS 
A v e r y   c o a r s e l y   c r y s t a l l i n e   l a b r a d o r i t e  is used as  the   t e s t   s ample   i n  
th i s  exper iment .  A prominent  feature  of the  labrador i te  is the albite twin- 
ning, with pericline twinning present to a lesser  degree .  Al though some 
c racked  a reas  have been al tered to  white  opaque kaol in ,  the mater ia l  in  
the  s l ide  (F igure  13-1)  appears  c lear  and  f resh .  I t  is  composed of 0 .  570 
pyroxene (augi te  or  diopside)  occurr ing in  small  c lusters  of c r y s t a l s .  
Some of t h e s e  c r y s t a l s  r a n g e  a s  l a r g e  as  0.  2 mm in  d iameter .  A v e r y  
sma l l   f r ac t ion  of 1 %  cons i s t s  of dark   b rown  to   b lack   needles   ly ing   para l le l  
to  the  (010)  p lane .  Some are  randomly  or ien ted .  The  needles  measure  up  
to  severa l  t en ths  of a mi l l ime te r  l ong  and  f rom 1 to  1 0  p in  diameter ,  and 
can   a lmost   cer ta in ly   be   ident i f ied  as  rut i le .  
With the  s l ide  on  the  universal   s tage  and  employing  the  Ri t tmann 
zone  method,   i t  is  poss ib le   to   de te rmine   the   composi t ion   o f   the   l abrador i te  
13 -1 
I 
0 0. 5 1 mm 
4 
F i g u r e  13-1 P h o t o m i c r o g r a p h  of L a b r a d o r i t e ,  C r o s s e d  P o l a r s ,  47X, 
Showing Albi te  Twinning ,  Rut i le  Needles  (Para l le l  wi th  Twinning) ,  and  
P y r o x e n e  C r y s t a l s  i n  C e n t r a l  D a r k  T w i n  B a n d  
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as  Ab48 An52. The extinction angles,  measured on (010) and ( O O l ) ,  indi- 
cate  an ident ical  composi t ion.  However ,  the indexes of r e f r ac t ion ,  de t e r -  
mined  on  crushed  f ragments  (a = 1. 558) ,   reveal  a somewhat   more   ca lc ic  
composition. 
13.6  THERMAL  ANALYSES 
13. 6. 1 Different ia l  Thermal  Analysis  
See  F igure  13-2 .  
13. 6. 1. 1 Sensitivity 
The  sens i t iv i ty  i s  5 p v / c m .  
13. 6. 1. 2 Peak  Values  
T h e r e   a r e  no peak values .  The DTA curve discloses  no s ignif-  
icant change to 1050OC, but only a sl ight endothermic drift .  
13. 6. 2 The rmograv ime t r i c  Ana lys i s  
13. 6. 3 Mass  Spec t romete r  Ana lys i s  
Analysis of the mass  spec t romete r   cu rves   r evea l s   t ha t   ne i the r  
the  i r rad ia ted  (F igure  13-4)  nor  the  noni r rad ia ted  (F igure  13-5)  p lag io-  
c lase  specimens had undergone chemical  change in  the mass s p e c t r o m e t e r .  
The loss  of a smal l  amount  of water  is  indicated,  however ,  in  both cases .  
Closer   examinat ion of the  DTA  and  TGA  curves  confirm  this  water  loss,  
namely,  by the  s l ight   endothermic  dr i f t  of the DTA and the negative drift  
of the TGA. 
13. 7 X-RAY DIFFRACTION PATTERNS 
13. 7. 1 Debye-Scherrer   Standard 
After   30  hr  of neu t ron   exposure   a t   t he   co re   f ace  of The  University 
of Michigan   nuc lear   reac tor ,   there  is  no detectable difference evident be- 
tween  the  pat tern of the   i r rad ia ted   p lag ioc lase   (F igure   13-6)   and   tha t  of the 
noni r rad ia ted   p lag ioc lase   (F igure   13-7) .  
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F i g u r e  13-4 Mass  Spec t romete r  Curve  of Plagioclase 
( I r r ad ia t ed   Labrador i t e )  - H20 P e a k  
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Figure  13-5 M a s s  Spect rometer  Curve  of P lag ioc lase  
(Noni r rad ia ted   Labrador i te )  - H20 P e a k  
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TABLE  13- 1 
COMPARISON O F  EXPERIMENTAL AND ASTM D-VALUES  FOR 
PLAGIOCLASE (IRRADIATED AND NONIRRADIATED) 
0 
E x p ( A )  
6. 5 
4. 0 
3 .7  
3 . 2  
2.9 
2.  8 
2. 65 
0 
A S T M ( A )  
6.48 
4. 04 
3.75 
3.20 
2.95 
2.84 
2.  66 
Ex&) A S T M ( A )  
0 
2. 50 2. 5 1  
2. 29 2. 29 
2.10 2.12 
2.00 2.01 
1. 9 1   9 2  
1. 82  83 I 1 . 7 7  1. 60 1 . 5 7  1 . 5 4  1.49 1. 38 
i .  7. 2 Bendix Vacuum Camera Standard 
~ 
A S T M ( ~ )  
~- - -~ ~~ 
1 .77 
1. 62 
1. 56 
1 .53  
1.48 
1.37 
~~ 
0 
" 
Exp ( A  
1 . 3 4  
. " 
1. 26 
1. 24 
1 . 2 1  
1. 15 
1. 13 
___ - 
.~ .
A S T M ( A )  
0 
1.35 
1. 27 
1. 25 
1 . 2 1  
1. 1 6  
1. 13 
The  pattern is spotty due to a preponderance of crystall i te  sizes 
that  are  only  sl ightly  smaller  than  the  300-mesh  sieve  used  for all tes t  
specimens. However, there is reasonable agreement with the intense 
l ines of  the  Debye-Scherrer  pattern. 
Figure 13-8  X-ray  Pat tern  Taken With Bendix 
Vacuum  Camera  (Magnification 2x) 
A comparison of d-values  and  relative  intensity  measurements 
obtained  by  the  Debye-Scherrer  Standard  and  the  Bendix  Camera  Standard 
is given in Table 13-2. 
TABLE 13-2  
COMPARISON O F  OBSERVED  D-VALUES  AND  RELATIVE 
INTENSITY MEASUREMENTS FOR PLAGIOCLASE 
(IRRADIATED  AND  NONIRRADIATED) 
13. 7 .  3 Vacuum Pat te rns  
All   d i f f ract ion  pat terns   obtained  under   the  condi t ions of P h a s e  I 
p rec ise ly  dupl ica ted  tha t  of the s tandard.  However ,  plagioclase was included 
only   a f te r   having   been   i r rad ia ted   in   the   hope   tha t   i r rad ia t ion   damage   would  
be  ev ident  by  s t ruc ture  d isorder  as re f lec ted  in  the  X-ray  photographs ,  and  
tha t  changes  in  the  order -d isorder  re la t ions  might  subsequent ly  be  de tec ted ,  
a t  l ea s t  a t  t he  h ighes t  t empera tu res ,  i n  t he  vacuum camera .  No  change was 
evident following irradiation, however,  as  noted  above .  This  minera l  was  
the re fo re  not included in  Phase 11. 
1 3 . 8  ANALYSIS O F  THERMODYNAMIC AND CRYSTAL STRUCTURE DATA 
Since the hypothesized disorder with irradiation cannot be t reated  with 
equi l ibr ium  thermodynamics   and   s ince   i t   d id   no t   occur ,   no   d i scuss ion  is 
p re sen ted  he re  r ega rd ing  it. The  f e ldspa r  s t ruc tu re  r e l a t ions  a re  d i scussed  
in  Sect ion 5 under  NH fe ldspar  re la t ions .  
4 
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SECTION 14 
MUSCOVITE 
FORMULA 
KA12  (AI  Si 0 ) (OH)2. 3 10 
MINERAL  CLASSIFICATION  AND  VOLATILE 
Si l ica te ,  mica  group - (OH). 
SPECIMEN LOCALITY 
Effingham Township,  Ontario,  Canada. 
PROCUREMENT  SOURCE 
Ward 's  Natural  Science Establ ishment ,  Inc.  Rochester ,  New York.  
OPTICAL  MICROSCOPIC ANALYSIS 
The  c lear   c leavage  f ragments   include a smal l   amount  (1 70) of tiny 
opaque specks,  probably magnet i te  (Figure 14-  1) .  The specimen is  opt ical ly  
negative  and  has a 2V of about  4O0with  the  indexes p =  y = 1. 590. 
14. 6 THERMAL ANALYSES 
14. 6. 1 Different ia l  Thermal  Analysis  
See Figure 14-2.  
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Figure 14-1 Photomicrograph of Muscovite, 210X, DTA Sample 
Immersed  in  Liquid Having  Index of Refraction of 1. 48 
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Figure  14-3 Muscovite TGA 
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14. 6. 1. 1 Sensitivity 
The sensi t ivi ty  is 10 p v / c m .  
14. 6. 1. 2 Peak Values  
There   a re   no   peak   va lues .  
The   DTA  curve   shows  no   reac t ion   f rom  room  tempera ture   to  
1O6O0C. Reference is made to  s imilar  behavior  by a Goshen:  Massachuse t t s ,  
muscovi te   that   had  been  dry  ground  for   two  hours   (Mackenzie   and  Milne,   1953,  
"Effect of Grinding on Muscovite, " Min. Mag. , 30, 178- 185). 
14. 6. 2 Thermogravimetr ic   Analysis  
The TGA (Figure 14-3) indicates a very  gradual  weight  loss ,  be-  
ginning at  about 4OO0C and adding up to a total  weight loss  of 3%. It is 
doubtful  whether  this  weight  loss  should  be  attr ibuted  to  the  loss of s t r u c t u r a l  
OH. 
14. 6. 3 Mass   Spec t rometer   Analys is  
The mass  spec t romete r  cu rve  (F igu re  14 -4 ) ,  as in  the case of the 
DTA curve,  discloses  no composi t ional  changes.  However ,  in  contrast  
to  the  TGA curve ,  which  revea ls  a 3% weight  loss ,  the mass s p e c t r o m e t e r  
analysis indicates a wa te r  l o s s  of l e s s  t han  1%. A reasonable explanation 
for   this   discrepancy is that in all l ikelihood,  water  had  been  absorbed  by 
the specimen during the gr inding process .  Upon exposure to  vacuum in the 
mass  s p e c t r o m e t e r ,   m o s t  of th i s   water   was immedia te ly   removed  f rom  the  
s ample.  
14. 7 X-RAY DIFFRACTION PATTERNS 
14. 7. 1 Debye-Scherrer   Standard 
Figure  14-5  shows  the  muscovi te   X-ray  pat tern  taken  with  the 
Debye-Scher rer   camera .  
Excel lent   agreement  is present   between  values   obtained  f rom  the 
Debye-Scherrer standard and the ASTM file values as shown in Table 14-1.  
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F i g u r e  14-4 Mass  Spec t romete r  Curve  of Muscovite-H 0 P e a k  2 
Figure 14-5 Muscovite X-Ray Pattern Taken With 
Debye-Scherrer Camera 
" " 
4 50 mm - 
Figure 14-6 Muscovite X-Ray Pattern Taken With Bendix 
Vacuum Camera (Magnification 2X) 
Figure 14-7 Muscovite X-Ray Pattern Taken at 180°C and a Vacuum 
of 8 x Torr   (Pat tern  Ident ical   to   that  
Taken at R o o m  Temperature)  
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EXP 
9. 90 
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TABLE 14-1 
COMPARISON OF EXPERIMENTAL  AND  ASTM 
D-VALUES FOR MUSCOVITE 
~~~~ 
ASTM(A: 
9. 95 
4 .97  
4. 47 
3 .95  
3 .  882 
0 
3.489 
3 .  32 
3 .  199 
~~ 
~ ~~~ 
2. 9 5  
2. 82 
2. 75 
2. 57 
2. 45 
2. 38 
2. 25 
2. 20 
~~ 
___- 
ASTM (2) 
2.987 
2. 859 
2. 789 
2. 566 
~~ - 
2.450 
2. 384 
2. 254 
2. 208 
~ _ _ _ _  
~ _ _  .. 
EXP (2) 
2. 12 
1. 97 
1. 70 
1. 65pa  
1. 60 
1. 55 
1. 5 0  
1. 44 
AS TM  (A) 
2. 132 
0 
1.972 
1.704 
7 1 .  646 
1. 603 
1.559 
1. 504 
1.453 
1. 35 
1. 33 
1. 155 
1. 13 
1. 100 
1. 065 
1. 047 
- 
ASTM (A) 
0 
I. 352 
1.335 
1. 1582 
1. 1300 
1. 167 
- 
- 
- 
14. 7. 2 Bendix Vacuum Camera Standard 
The   Bendix   camera   s tandard  is a l so  a particularly good one, in 
that   an  unusual ly   large  number of l ines  are  resolved,  and  these  show  good 
cor respondence   wi th   the   Debye-Scher rer   s tandard  as shown in Table 14-2. 
This   was  somewhat   unexpected  as   muscovi te  is par t icu lar ly   suscept ib le  
to   p refer red   o r ien ta t ion   e f fec ts   in   sample   p repara t ion .  
14. 7. 3 Vacuum Pat te rns  
The diffraction photographs of muscovi te  taken under  all conditions 
from pumpdown to h igh   vacuum,   were   p rec i se ly   t he   s ame .  In addition,,  
more  than  one  s tandard  photograph  had  been  obtained  pr ior   to   pumpdown,  
and these also dupl icated the s tandard reproduced in  Figure 14-6.  A 
photograph  taken  following  pumpdown is shown  in   Figure  14-7;   data   obtained 
f r o m  it a re   g iven  in Table  14-3. 
TABLE 14-2 
COMPARISON OF OBSERVED  D-VALUES AND RELATIVE  INTENSITY 
MEASUREMENTS FOR MUSCOVITE 
Debye-Scher rer  S tandard ,  CuKQ 
dabs 
4. 5 ( p a i r )  
3. 85 
3 .  20 
2. 82 
2. 75 
2. 38 
2. 25 
2. 12 
1. 97 
1. 70 
1. 55 
1. 35 
"_ 
i 
i 
- 
0 
100 
30  
40 
10 
40 
100 
20 
20 
50 
40 
40 
40 
Bendix Camera Standard,  CuK 
CY 
dabs 
4. 3 
3. a 
3. 1 
2. 9 
2. 7 
2. 4 
2. 3 
2. 1 
2. 0 
1. 8 
1. 5 
1. 4 
i 
i 
- 
0 
70 
20 
40 
5 
40 
100 
5 
5 
10 
5 
2 
30 
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d 
obs 
- - 
4. 3 
3 .  8 
3 .  1 
2.  9 
2 .  7 
2. 4 
2.  3 
2.  1 
2.  0 
1. 8 
1. 5 
1.4 
"~ .. - - 
~~ 
i 
i 
- 
0 
7 0  
2 0  
40 
5 
40  
1 0 0  
5 
5 
10  
5 
2 
3 0  
~- ~~ ~ 
Bendix Ultrahigh Vacuum, CuK 
CY 
s 
4. 7 
- 
3 .  1 
- 
2.  6 
2 .  4 
- 
- 
- 
- 
1. 5 
1. 4 
- i 
1 
0 
2 0  
- 
15 
- 
15 
1 0 0  
- 
- 
- 
- 
10 
80 
Although the patterns are obviously different, the photograph ob- 
tained in ultrahigh  vacuum  has  lines  which  correlate  well  with  those of the 
standard. This is interpreted  to  be  due  to  change  in  orientation of muscovite 
crystallite  plates  during  pumpdown,  probably  caused  by  loss of surface 
absorbed water, and resulting in preferred orientation. A Debye-Scherrer 
photograph  was  taken of the  material   in  the  capil lary at the  end of the 
experiment after the vacuum was broken. This duplicated the standard 
Debye-Scherrer  photograph,  further  confirming  that  no  devolatilization of 
muscovite had taken place. However, to substantiate these results, mus- 
covite  was  again  used in Phase I1 of the  experiment. 
14. 7.4  Bendix  Vacuum  Standard,  Phase I1 
The  standard  photograph  taken  for  Phase I1 is shown  in  Figure  14-8; 
data  obtained  from it are  compared  with  the  standard of Phase I in  
Table 14-4. 
Figure 14-8 Muscovite X-Ray Pattern Taken as 
Standard  for  Phase I1 
The agreement between the standard photographs, as shown in Table 14-4, 
is generally  excellent  and  the  minor  differences  may  be  attributed  to 
sample  preferred  orientation  and  error of measurement.  
14. 7. 5 Vacuum  Patterns,  Phase I1 
All photographs  taken at all  temperatures  under  conditions of 
ultrahigh  vacuum  duplicated  the  standard  photograph,  indicating  that  no 
change occurred in the muscovite. This further confirms that the 
differences  in  the  diffraction  patterns  noted  in  Phase I were  a resul t  of 
differing  specimen  preferred  orientation. 
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TABLE 14-4 
COMPARISON O F  D-VALUES AND RELATIVE  INTENSITIES 
O F  THE MUSCOVITE STANDARDS IN PHASES I AND I1 
Standard,  Phase I 
dabs 
4. 3 
3 .  8 
3 .  1 
2.  9 
2. 7 
2. 4 
2 .  3 
2. 1 
2. 0 
1. 8 
1. 5 
1. 4 
- i 
i 
0 
7 0  
2 0  
40 
5 
40 
100  
5 
5 
10 
5 
2 
3 0  
S t a n d a r d ,  P h a s e  I1 
d 
obs 
4. 5 
- 
- 
2. 9 
2 .  7 
2. 5 
2 .  3 
2. 1 
2. 0 
1. 8 
1. 5 
1. 4 
- i 
i 
0 
5 0  
- 
- 
5 
5 
100 
10 
10 
10 
10 
10 
2 0  
14-11 
14.8 ANALYSIS O F  THERMODYNAMICS AND CRYSTAL STRUCTURE DATA 
Muscovi te   has  a l aye red   s t ruc tu re   cons i s t ing  of a l te rna t ing   oc tahedra l  
and  t e t r ahedra l  shee t s  pa ra l l e l  t o  a - b  plane.  The te t rahedral  sheets  consis t  
of a network of linked Si and A1 te t rahedra   in   which   th ree   ou t  of four  of the 
avai lable   s i tes   are   occupied  by  s i l icon  a toms  with  the  remaining  one  occupied 
by a n  A1 atom. If the symbol X denotes  a cat ion,  the formula of t h i s  shee t  
can   be   represented  as X2O5. 
The   oc tahedra l   shee t   cons is t s  of two  sheets  of a c lose -packed   a r r ay  
of 0 atoms  and  OH-  groups  and is the   resu l t  of placing  two  te t rahedral  
sheets   containing OH- groups together with their  vertexes pointing inward 
(see Figure 14-9) .  This  combinat ion of two  t e t r ahedra l  shee t s  t o  fo rm an  
oc tahedra l  shee t  provides  s i tes  for  A1 atoms in 6-fold coordination. How- 
ever ,  only two-thirds  of the  ava i lab le  s i tes  a re  occupied  wi th  the  res t  re -  
maining vacant .  This  arrangement  a l lows the cross- l inking of ve r t exes  by 
A1 a toms,  thus  forming  a r ig id  layer  s t ruc ture .  
The combination of two composi te  layers  provides  12-fold coordinat ion 
s i tes  which  a re  occupied  by  Kt ions. The bonds between the K t  ions and 
the 0 atoms of e a c h   l a y e r   a r e  by far  the   weakes t   in   the   s t ruc ture ,   thus  
explaining  the  perfect   cleavage  in  this  direction. 
The complete decomposition of muscovi te  at p re s su res  r ang ing  
f rom seve ra l  t housand  ba r s  t o  low vacuum (10  mm of Hg),  proceeds with 
the  formation of sanidine,   corundum,  and  water   vapor .   Occasional ly ,  
when  the   decomposi t ion   i s   car r ied   ou t   in   the   p ressure   range  of a tmospher ic  
to   low  vacuum,  react ion  proceeds  with  the  formation of an   i n t e rmed ia t e  
compound, "dehydrated" muscovite.  However,  dehydrated muscovite has 
not been thoroughly studied. Consequently,  there is much conjec ture  con-  
cern ing  the  mechanism of the  reac t ion .  Many researchers  be l ieve  tha t  
t h e r e  is no  s t ructural   t ransformation  brought   about   by  "dehydrat ion,  I '  
while others, e. g. .. Roy (1949) ,  bel ieve that  dehydrat ion causes  a m a r k e d  
expansion  in   the  c-axis   direct ion  due  to  a warpage of t he   s t ruc tu ra l   l aye r s .  
-3  
1 See  sect ion  on  Ammonium  Feldspar   for  a desc r ip t ion  of t he   s t ruc tu re  
of sanidine.  The s t ructure  of corundum is analogous to that of hematite.  
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Figure  14-9 The Structure  of Muscovite 
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The  reac t ion   muscovi te  + sanidine t corundum + vapor   has   been   ex-  
tensively s tudied under  hydrothermal  condi t ions.  However ,  other  than 
numerous   vacuum DTA investigations,   no  low-pressure  studies  have  been 
undertaken on this  mineral .  The fol lowing enthalpy equat ions for  m u s -  
covite,  "dehydrated" muscovite,  sanidine,  corundum, and water vapor are 
ava i lab le   f rom  the   l i t e ra ture :  
Muscovite:   Pankratz,   1964 
H; - H298 
0 = 97. 56T t 13.  19 X 10  T t 25; 44 X 10  T - 38,  793 -3  2  5 - 1  
( 0 .  270, 298O - 1000°K) 
"Dehydrated"  Muscovite:   Prankratz,   1964 
H; - H298 
0 = 89.  05T t 9. 90  x 10 T t 24. 14 x 10  T - 35,  527 -3  2 5 - 1  
(0. 170, 298O - 120O0K) 
Sanidine:  Kelley ~ 19  60 
- H298 - 
0 
- 63. 83T t 6.45  X 10 T t 17.  05 X 10 T - 25 ,323  
- 3  2  5 -1 
(0. 470, 298O - 140O0K) 
Corundum:  Kelley,  1960 
- H298 
0 = 27.49T-k  1 .41 X 1 0  T + 8. 38  X 10  T - 1 1 ,  131 - 3  2  5 - 1  
(0. 570, 298O - 1800°K) 
Water:  Kelley,  1960 
H; - H298 
0 
7. 30T  t 1. 23 x 10-3T - 2, 285 
( I O .  570, 298O - 2500OK) 
14 -14 
r 
These   can   be   used   to   eva lua te   the   low-pressure   equi l ibr ium  curves   for  
the  reactions : 
KA13Si301  o(OH)2 * KA 1 Si 0 + A1203 t H 2 0  
2 3 8  
muscovi te   san dine  corundum  water  
KA1 Si 0 (OH)2 * KAl  Si 0 t H 2 0  
3 3 1 1  3 3 10 
muscovite  dehydrated  wa r 
muscovi te  
Considering the reaction muscovite * sanidine t corundum t vapor ,  the 
AH of reaction can be calculated employing the relation AH?, = AH% 
products - AHT, r eac t an t s :  0 
AHO 
0 
f 1. 06T - 4. 10 X 10 -3T2 - 0. 01 X 10 T t 51. (14-1) 5 - 1  
T ,  R = AH298 
To evaluate this equation, a value for the enthalpy of the reaction at  298 K 
and one atmosphere is  needed.  This  quant i ty  can be calculated from the 
following enthalpies of formation (298OK) from  the  oxides:  
0 
KA1 Si 0 (OH)2 AHzq8 = -55. 85 Kcal /mole 
0 
3 3 10 
Barany 1964 
KA1 Si 0 
2 3 8  H i 9 8  
= -56. 40  Kcal /mole  Kracek,   1963 
A1203 
H0 
298 
= 0 Kcal /mole  
H0 = 10. 5 Kcal/mole  Kelley,   1949 
AHO 
(evap)  
298 
9. 95  Kcal /mole 
However,  it is well  known  that  heats of formation  obtained  f rom  heats  of 
solut ion are  not  too rel iable .  Therefore ,  an al ternat ive method wil l  be 
used  to   check  this   value.  
. . ... . . . . . ... . ". 
Yoder  and  Eugster  (1955)  give  two  values  for  the  enthalpy of r eac t ion  
at 963OK and 1500 bars ,  14. 2 Kcal /mole and 31. 6 Kcal /mole .  ca lcu la ted  
using two different  methods.  They consider  the f i rs t  value to  be the more 
rel iable .  
Substituting  the  value of AH = 9950  calories  into  Equation  14-1 
0 
29 8 
resu l t s   in   an   equat ion  of the   form:  
AH; = 1. 06T - 4. 10 x 10  T - 0. 01  x 10 T t 10,001. -3  2 5 - 1  (14-2)  
I t  i s  now possible ,  using this  equat ion,  to  calculate  a AH 963, which is 
the change of enthalpy of the  reaction as  a function of tempera ture   (AHo 963 
= 7, 221 ca lor ies ) .  Assuming the  change  of enthalpy due to the solid phases 
is negligible, the change of enthalpy due to the nonideality of water   vapor  
a t   the   p ressure   c i ted   by   Yoder   and   Eugs ter   (1955)   can  now be  calculated  by 
m e a n s  of the function 
0 
(-) a H  = V - T (-) av 
a P  T aP P 
and Kennedy's  tables  (1950)  for  the pressure-volume-tern erature  re la t ions 
fo r   wa te r  at e leva ted   t empera tures   and   pressures  (AH- 
298 
' - lFoo  = 3205 calor ies) .  
By  adding  these  two  quantities  (H  and H ),  a theore t ica l   va lue   for  
the enthalpy of reac t ion  a t  963  K and 1500 atmospheres  is obtained. 
0 1 - 1500 
9 63 2 8 
0 
AH1 - 1500 1 -1500  
963 m;63 + AH298 
This value,  although approximately four Kcal lower than the value offered 
by Yoder and Eugster (1955),  is qui te  reasonable  and tends to  confirm the 
probabili ty of Yoder   and  Eugster ' s   value of 31. 6 Kcal  being  erroneous.  
Because of errors   involved  in   both  the  calculat ions  undertaken  by  the  author  
and in the analysis of Yoder  and Eugster  (1955) ,  i t  seems only reasonable .  
to adopt 6 value which is an  average  of the two. This value is AH1-1500 
= 12, 313 calories.  963 
It i s  now possible to obtain a probably   more   re l iab le   va lue   for   the  
AHo of reac t ion  than  can  be  ca lcu la ted  f rom hea ts  of solution. If 
298 
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1/ 2 (14, 200 - 10 ,426   ca lo r i e s )  is added to the 7221 calories originally ob- 
tained  from  Equation  14-2  for AHo 963, a new  value of  AH^^^^ = 9108 
c a l o r i e s  is obtained. Substitution of this  value for  AHoT, and C f o r  
10,001  in   Equat ion  14-2,   and  solving  for  C results in the new equation: 
m; = 1. 06T - 4. 10 x 10 T - 0. 01 x 10 T + 11,888.  (14-3) -3  2 5 -1 
With the aid of this  equation  and  the  Clausius-Clapeyron  equation, 
the   equi l ibr ium  pressure  of water  at any   g iven   tempera ture   for   the   reac t ion  
muscovi te  * sanidine t corundum t vapor   can  be  determined.  
d P  
d T   T A V  
--~ - 
Assuming  water   behaves   l ike   an   idea l   gas   in   the   t empera ture   and   pressure  
range under study, and that the change in volume of the  sol id   phases   can 
be neglected,  an equation of the following form is obtained: 
d P  A H O ~  
Substi tuting Equation 14-3 into the Clausius-Clapeyron equation and 
integrating results in the equation: 
log P = 1/R [ 1. 06 log T - 4. 10 x 10-3T t 0. 005 
x 10 T - l 1 ,888T- ' ]  t C. 5 - 2  
Due  to  the  lack of experimental   s tabi l i ty   data   a t   low  pressures ,   i t  
is  necessary   to   eva lua te   the   cons tan t  of integrat ion  f rom  the  high  pressure-  
h igh   t empera tu re   da t a  of Yoder and Eugster,  1955 (918OK and 680 bars).  
The   use  of t hese   va lues   i n t roduces   e r ro r   because  of the nonideality of 
w a t e r   a t   t h i s   p r e s s u r e .  
log P = I / R  [ 1.06 log T - 4.10 x ~ o - ~ T  
t 0.  0 0 5  x 10 T - 1 1 , 8 & 8 T - l ]  t 9. 61 
5 - 2  
(14-4) 
This   is   the   vapor   pressure  equat ion  for   the  react ion  muscovi te  * sanidine 
+ corundum t vapor.  
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A similar the rmodynamic   ana lys i s   may   be   ca r r i ed   ou t   fo r   t he   r e -  
act ion muscovi te  * "dehydrated" muscovite + H 0. Coventional manipulation 
of the  enthalpy  equations  again  leads  to  an  equation  expressing  the  enthalpy 
of r eac t ion  as  a function of t e m p e r a t u r e :  
2 
0 
AHT = AH298 
0 
- 1. 21T - 2. 06 X 10 T - 1. 30 X 10 T + 980.  (14-5) - 3  2 5 -1  
The   a rea   under  a peak on a DTA curve  is   proport ional   to   the  enthalpy 
of the  cor responding  reac t ion  a t  tha t  t empera ture .  Thus ,  i t  i s  poss ib le  to  
calculate  the AH; for   the  dehydrat ion of muscovi te   p rovided   the   DTA  record  
contains  both a peak  for   the  dehydrat ion  and a peak   for   the   comple te   s t ruc tura l  
breakdown of muscovi te .  Norin (1941)  gives  several  DTA curves of m u s -  
covite,  with the peak corresponding to the l o s s  of OH- at  1123OK and the 
peak corresponding to- the breakdown of t he  s t ruc tu re  a t  1373OK. Un- 
for tunately,   i t  is no t   poss ib le   to   de te rmine   the   manner   in   which   the   en tha lp ies  
of the  two reac t ions  change  wi th  respec t  to  one  another .  This  res t r ic t ion  
can   bes t   be   met  by  utilizing a temperature   midway  between  the  two  peaks 
(1248OK) in the following analysis. It is believed that only a small amount 
of e r r o r  is introduced  in   this   manner .  
Employing Equation 14-3 and a t e m p e r a t u r e  of 1248 K re su l t s  i n  a 
value for  AH1248 = 6827  ca lor ies   for   the   reac t ion   muscovi te  "+ sanidine 
t corundum t vapor .  An analysis  of the area under  the two peaks shows 
that 68. 8% of the   to ta l   a rea   i s   accounted   for  by the  peak  corresponding  to 
the reaction muscovite -+ "dehydrated" muscovite t water .  Therefore ,  the  
AH1248  for   th i s   reac t ion   i s  (0. 688)   (6827  calor ies)   or   4697  calor ies .  
Subst i tut ing this  quant i ty  intoEquat ion 14-5 resul ts  in  a value of 
AHo = 8538  calories  and  the  equation: 
0 
0 
0 
298 
AH; = -1 .  21T - 2. 06 x 10 T - 1. 30 x 10 T t 9518.  (14-6) -3  2 5 - 1  
Performing  mathematical   manipulat ions  ident ical   to   those  used  in   the 
analysis  of the  react ion  leads  to   the  equat ion:  
Log P = 1 / R  [ -1 .  21 log T - 2. 06 x 10  T + 0. 65 x 10 T - 9518T-'] t C. - 3  5 - 2  
14-18 
The constant C can  be  eva lua ted  f rom the  da ta  of Roy (1949). Roy repor t s  
two   expe r imen ta l   t empera tu res  at which  he  notes a l o s s  of water  (573OK 
and 723 K at one atmosphere) .  At  723OK, the  muscovi te  sample  los t  water  
cont inuous ly   for   severa l   hundred   hours   and   showed  marked   s t ruc tura l   ex-  
pansion in  the c-axis  direct ion.  At  573OK, the  sample  los t  on ly  a small 
amount of wa te r   i n   t he  f i rs t  10   h r  of heating,  indicating  that   only  adsorbed 
water  was being lost .  Therefore ,  the  t rue  equi l ibr ium curve  for  the  
"dehydrat ion"  may  l ie   somewhere  between  the  two  curves   calculated  f rom 
these  data:  
0 
723OK: 
log P = 1 /R  [ -1. 21 log T - 2. 0 6  x 10-3T t 0. 65 
x 10 T - 9518T-'] t 7.  28 5 -2  (14-7)  
573OK: 
x 10 T - 9518T-'] t 8. 77 5 - 2  (14-8) 
The  intersect ion of the  s tabi l i ty   curve  for   muscovi te  * sanidine t corundum 
t vapor   with  those  for   the  react ion  muscovi te  * "dehydrated"  muscovite + 
water  ind ica tes  tha t  above  ( to  h igher  pressure)  the  in te rsec t ion ,  the  equi -  
l ib r ium reac t ion  i s  tha t  forming  sanid ine ,  corundum,  and  vapor  wi th  de-  
hydra ted   muscovi te   occur r ing   metas tab ly ,   and   tha t   be low  the   in te rsec t ion  
the  r eve r se  is t rue .  
The  decomposition of muscovite  was  not  observed  in  the mass  s p e c t r o -  
meter ;  consequent ly ,  no  da tum is  ava i lab le .  
A thermodynamic  analysis  of the  react ion  "dehydrated"  muscovi te  * 
sanidine + corundum  wi l l   no t   be   under taken   in   th i s   repor t   due   to   the  
theoretical difficulties involved. An equat ion for  the AHo of reaction could 
be  calculated,   but  the  calculation of a pressure- tempera ture   equat ion   would  
be  diff icul t   because  the  re la t ionship  expressing  the  volume  change  for   the 
reaction  would  not  be a s imple  integrable   funct ion  l ike  the  ideal   gas   law.  
Fur thermore ,   there   i s   no t   enough  thermal   expans ion   da ta   ava i lab le   for   such  
T 
a s e r i e s  of ca lcu la t ions .  However ,  for  most  so l id-so l id  reac t ions ,  the  
r eac t ion  t empera tu re  is l i t t le  affected by the pressure.  So, for  the  reac t ion  
"dehydrated" muscovite * sanidine + corundum,   the   s tab i l i ty   curve   can  
probably  be  c losely  approximated  by  an  isothermal   curve  drawn  through 
the  intersect ion of the  s tabi l i ty   curves   for   the  react ions:   muscovi te  * san i -  
dine t corundum t vapor ,   and  muscovi te  + "dehydrated" muscovite t vapor .  
This   construct ion  can  be  seen  in   Figure  14-10.  
The  extrapolation of the  muscovi te   data   to   the  lunar   environment  
gives : 
muscovi te  - sanidine t corundum t vapor  
Lunar   Tempera tu re  TOG TOK P mm of Hg 
Minimum  nighttime -180  93 2. 7 x 10 
Equi l ibr ium  at   1-m  depth - 55  218 5. 6 x 
- 5  1 
Maximum  dayt ime +I30   403   1 .4  x 
At l u n a r   p r e s s u r e  - 28  245 
-1 1 
1 . 0  x 10 
muscovi te  * "dehydrated"  muscovite t vapor  
Lunar   Tempera tu re  TOC TOK P mm of Hg 
Minimum  nighttime 
Equi l ibr ium  at  I - m  depth 
Maximum  dayt ime 
Eq. 14-7 Eq. 14-8 
-180  93 . 1 x 10 -39 9 . 5  x 10 - 38 
- 55  218  1.4 X 10 - 13 5. 6 x 10 - 12 
t i 3 0  403 1. 6 X - 3  7 . 0 ~  10 
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Figure 14- 10 Stability Curves of Muscovite 
A t  l u n a r  p r e s s u r e  (1 x 10 mm of He) -11 
T°C TOK 
Equation  14-7  t35  238
Equation  14- 8 t 5 2  22 1 
"dehydrated"  muscovi te  * sanidine t corundum 
At l u n a r  p r e s s u r e  (1 x 10 mm of Hg) 
- 1 1  
T°C TOK 
Equations 14-7 and 
14 -4   t 128  40 1 
Equat ions 14-8 
and  14-4 - 3  27 0 
The  tabulation of t he   r eac t ion   cha rac t e r i s t i c s   i n   t he   l una r   env i ron -  
ment   indicates   that   muscovi te   should  completely  decompose  to   sanidine 
+ corundum t vapor   during  the  lunar   day  but   be  s table   a t  a depth of 1 m. 
Reconsti tution of muscov i t e   f rom  san id ine ,   co rundum,   and   vapor   du r ing  
the  lunar  night  is   very  unlikely  because of the   ex t reme  s luggishness  of the 
r eac t ion   even   a t   p re s su res  of s eve ra l   hundred   ba r s   and   t empera tu res  of 
s eve ra l   hundred   deg rees .  
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SECTION 15 
NATROLITE 
15.1  FORMULA 
Silicate,   zeoli te-H 0. 
2 
15. 3 SPECIMEN LOCALITY 
Springfield Butte,  Lane County,  Oregon. 
15.4  PROCUREMENT  SOURCE 
Ward ' s  Natura l  Sc ience  Es tab l i shment ,  Inc . ,  Roches te r ,  New York. 
15. 5 OPTICAL MICROSCOPIC ANALYSIS 
The  na t ro l i te  was  rece ived  f rom Ward ' s  in  two separa te  sh ipments  
with certif ication that both originated from the same locali ty.  The first  
cons i s t s  of r ad ia l   agg rega te s  of coarse   c ream-colored   and   somewhat   rus ty  
looking natrol i te  a t tached to  an al tered porphyri t ic  basic  rock.  The pract i -  
ca l ly   square   p r i sms   a re   l ength   s low  wi th  y = 1.490. 
Although  the  amount of i ron  oxide  s ta in  on the   f i r s t   ba tch   i s   negl ig ib le ,  
a second  batch of na t ro l i te   spec imens ,   s imi la r   in   na ture   bu t   wi thout   rus t  
s ta in ,  was  obta ined  f rom Ward ' s .  The  la t te r  c rys ta l s  appear  snow whi te .  
Neve r the l e s s ,  a la rge  amount  of s co lec i t e ,  a zeolite similar to  na t ro l i te ,  
i s  i n t e r m i x e d  w i t h  t h e s e  c o a r s e  c r y s t a l s .  T h e  s c o l e c i t e  c o n s i s t s  of f ine'  
f ibers  and  i s  length  fas t .  The  angle  CYA C = 18O.  
15-1 
I t   should   be   no ted   tha t   the   th in   sec t ion   (F igure   15-1)  is composed  
of a specimen from the second batch. Although analcite,  another closely 
a s soc ia t ed   zeo l i t e ,  is a major   cons t i tuent   in   bo th   ba tches ,   i t  is  r ead i ly  
separa ted   f rom  the   na t ro l i te   and   sco lec i te   dur ing   sample   p repara t ion .  
15.6 THERMAL ANALYSES 
15. 6. 1 Di f fe ren t ia l  Thermal  Ans lys i s  
See Figure 15-2.  
15. 6. 1. 1 Sensit ivity 
The sensi t ivi ty  is 10 p v / c m .  
15. 6. 1. 2 Peak   va lues  
T h e s e   a r e :  
4OO0C( - )  
435OC(-) 
525OC( - )  
The DTA curve depicts a gradual  endothermic dr i f t ,  wi th  two 
shal low  peaks,   culminat ing  in  a m a j o r   s h a r p   e n d o t h e r m i c   p e a k   a t  4OO0C, 
fol lowed by minor  endothermic peaks at  435OC a n d  525OC. The heating 
p r o c e s s   w a s   t e r m i n a t e d   a t  720°C to avoid melting the sample.  
15. 6. 2 The rmograv ime t r i c  Ana lys i s  
The TGA curve (Figure 15-3)  fol lows the DTA very closely to  400OC. 
Above this  temperature ,  the loss  of weight levels off but continues gradually 
to a l m o s t  72OoC. The total  weight  loss  amounts  to  11.  25% of the sample 
weight as compared  to   the  ideal   loss   calculated  a t  9.  5%. 
I 
I 
0 0. 5 1 mm 
I 
Figure 15- 1 Photomicrograph of Natrolite, 47X, Coarse Needles of 
Natrolite  and  Fine  Needles of Scolecite  in  Central  Area, 
Analcite in Clear Right Area, W a l l  Rock in Lower Left 
Quadrant 
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c- Mineral: Natrolite 
Test: DTA 
 Natrolite 
Weight: 245 mg 
Sensitivity: 10 pv/cm 
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F i g u r e  15-2  Natroli te DTA 
Test: TCA 
Mineral: Natrolite 
Weight: 213 mg 
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Figure 15-3 Natrol i te  TGA 
15. 6. 3 Mass  Spec t rometer  Analys is  
The  spec imen dehydra tes  in  the  mass s p e c t r o m e t e r  a t  4OoC. The 
c u r v e   ( F i g u r e  15-4) shows a s ingle   sharp  peak  fol lowed  by a v e r y  small but 
cont inuous water  loss .  In  comparison,  the DTA curve reveals  a l a r g e  
ini t ia l   endothermic  dr i f t ,   culminat ing  in  a sha rp   endo the rmic   peak   a t  40OoC. 
This  endothermic dr i f t  ref lects  the ini t ia l  loss  of w a t e r ,   e i t h e r   s t r u c t u r a l  
or  absorbed.  I t  i s  not  evident  in  the mass spec t romete r ,  s ince  immedia t e  
volati l ization  in  vacuum is probably  responsible   for   the  ini t ia l   water   loss .  
1 5 . 7  X-RAY DIFFRACTION PATTERNS 
15. 7. 1 Debye-Scherrer  Standard 
The   na t ro l i te   pa t te rn   (F igure  15-5) discloses contamination by 
a second phase.  Most  of the lines a r e  readily indexable with the ASTM 
natrol i te  d-values  (Table  15-1) ,  with remaining l ines  belonging to  scoleci te .  
This   i s   typ ica l  of zeol i tes ,   which  yield  very  complex  powder   pat terns   con-  
taining considerable overlap of l ines of different  phases .  The pat tern con-  
f i rms the microscopic  examinat ion of the specimen. However,  on the 
bas i s  of re la t ive intensi t ies  of the natroli te and scolecite l ines,  there i s  
re la t ively  l i t t le   scoleci te   present .  
TABLE 15-1 
COMPARISON OF  EXPERIMENTAL  AND  ASTM 
D-VALUES FOR NATROLITE 
" 
0 
Cxp (A) 
6. 5 
6. 0 
4 .1  
4.4 
4.7 
3. 55 
3. 2 
2.95 
2. 85 
2. 65 "_ 
ASTM (8) 
4. 13 
4. 38 2.  25 
4. 63 2. 19 
3. 63  (Scoldcite) 2.  05 
3. 16  1.95 
2. 94 1. 87 
2. 86 1. 80 
2. 68 
0 
ASTM  (A) 
2. 57 
2.43 
2. 32 
2.  26 
2. 18 
2. 05 
~~ 
1.95 
1.  87 
1. 80 
EXP (X) 
1.75 
1.  72 
1. 62 
1.57 
1.54 
1.47 
1.44 
1. 42 
1. 38 
ASTM (x) 
1. 72  1. 30 
1. 23 
1.53 1.  21 
1. 52  (ScolLcite) 1. 19 
1.46 11 1. 14 
_ _ _ _ _ _ ~ ~  
ASTM ( x ]  
1. 33 
1. 31 
1 .  24 
1.22 
1. 19 
1. 14 
1. 08 
1. 06 
1.02 
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Figure  15-4 Mass Spectrometer  Curve of Natrol i te-HH20 Peak 
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15.7.2 Bendix Vacuum Camera Standard 
F i g u r e  15-6 shows  the  natrol i te   X-ray  pat tern  taken  with  the 
Bendix  Vacuum  Camera  (magnif icat ion 2X). 
The   somewhat   spot ty   charac te r  of the diffraction  l ines is due  to  
a preponderance of par t ic le   s izes   no t   much smaller than  the  sieve  opening 
of the  300-mesh  screen  used  for all phases.  Plagioclase,  NH4-feldspar,  
and act ionl i te ,  in  addi t ion to  the natrol i te ,  all gave this  resul t .  These 
a r e   t h e   h a r d e s t   a n d   m o s t   b r i t t l e  of the  phases   s tudied,   and  this  is obviously 
at t r ibutable   to   their  similar breakage   proper t ies .  
TABLE 15-2 
COMPARISON O F  OBSERVED  D-VALUES  AND  RELATIVE 
INTENSITY  MEASUREMENTS F O R  NATROLITE 
Standard,CuK 
C 
4. 1 
3. 55 
3. 20 
2.  85 
2. 57 
2. 19 
1.  91 
1.  80 
1 . 5 7  
1 . 4 2  
1.  38 
1. 31 
i - 
i 
0 
70 
70 
20 
80 
100 
20 
40 
30 
20 
10 
10 
10 
Bendix Camera Standard,  CuKN 
d 
ob s 
- 1 
i 
0 
3 . 9  
3. 7 
3. 1 
2 .  8 
2. 6 
2. 1 
1 . 9  
1. 8 
1. 6 
1 . 4  
1 .37 
1. 3 
50 
50 
20 
90 
100 
20 
30 
10 
30 
10 
5 
5 
Figure 1 5- 5 Natrolite  X-Ray  Pattern  Taken With 
Debye-Scherrer Camera 
Figure 15-6  Natrolite X-Ray Pattern Taken With Bendix 
Vacuum Camera  (Magnification 2X) 
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15. 7. 3 Vacuum Pa t t e rns  
All   pat terns  of na t ro l i te   t aken   a t  all tempera tures   and   u l t rah igh  
vacuum  were   dupl ica tes  of the  s tandard,   and i n  no cases   could  dehydrat ion 
be  observed  f rom the  X-ray  pa t te rns .  The  loss  of zeo l i t i c  wa te r  f rom na t ro -  
l i t e   on ly   very   s l igh t ly   a l te rs   the   in tegr i ty  of the  tekosi l icate   f ramework,   how- 
ever ,  and changes i n  the diffract ion pat tern are  re la t ively s l ight .  The s imi-  
lar i ty   in   pat terns   was  perfect   enough  to   conclude  that   contrary  to   expectat ion,  
loss  of water did not occur .  Specimen packing may par t ia l ly  explain this  re-  
su l t ,  however .  This  minera l  was the re fo re  inc luded  in  Phase  11. 
15.  7.4  Bendix  Vacuum  Standard,  Phase I1 
This   pa t te rn   was  a duplicate of the  s tandard  obtained  in   Phase I. 
15. 7. 5 Vacuum Pat te rns ,  Phase  I1 
As   in   Phase  I ,  all pat terns   were  dupl icates   with  no  indicat ion of 
change.  This  resul t  is  unexpected as noted above. The possibil i ty cannot 
be discounted that s o  l i t t le  change occurs  during loss  of zeol i t ic  water  
that   i t   cannot   be  detected.  
1 5 . 8  ANALYSIS OF THERMODYNAMIC AND CRYSTAL STRUCTURE DATA 
Natrolite (NaZA12Si3010 * 2H2 0) i s  a m e m b e r  of a group of m i n e r a l s  
ca l led  zeol i tes .  The  zeol i te - type  s t ruc tures  cons is t  of an open,  wide-  
meshed   (S i ,  A l ) 0 4  f ramework  with  the Si and  the  A1  te t rahedra  f i rmly  held 
together by rigid bonds.  The cavities and channels within the tetrahedral 
f ramework   conta in   the   water   molecules   and   the   ca t ions   which   sa t i s fy   the  
negat ive charge of the framework. These openings are sufficiently large 
to  permit  the  exchange of the cations and loss of the  water  of hydration 
without a s ignif icant   s t ructural   change.  
In   na t ro l i te   ( see   F igure   15-7) ,   the   water   molecules   and  N a t  ions 
f o r m  a s e r i e s  of double columns which a re  para l le l   to   the   c -ax is   and   pass  
through the channel formed by the chains of te t rahedra .  The  Nat  ions  
occupy  a l ternate   cavi t ies   in   the  double   columns  with  the  others   remaining 
vacant.  Each Na atom is coordinated by six oxygen atoms, four of which 
are  from  Si-A1  te t rahedra,   and  two of which   a re   f rom  the   water   molecules .  
Each  water   molecule ,   in   addi t ion  to   being  l inked  to  two Na  a toms,  is  a l s o  
hydrogen bonded to two oxygen  atoms,  one  from  each  type of t e t r ahedra .  
0 
1 
1 
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Na2 AI2 Si3 ol0 + 2H20 
Figure  15-7 The Structure  of Natrol i te  
Na AI Si 0 
2 2 3 10 + 2H20 
metanatrolite  water 
There   a r e   two   t ypes  of l inkages  which  hold  the  te t rahedral   groups 
together  to  form the natrol i te  chain s t ructure .  Each group consis ts  of 
th ree  S i04  te t rahedra  and  two A104 te t rahedra .  The  f i r s t  type  cons is t s  
of the  shar ing of two oxygen  atoms  by  neighboring  groups  to  form  the  chain 
paral le l  to  the f iber  direct ion.  The second is the weak single oxygen 
linkage which holds neighboring chains together. The hydration of na t ro -  
l i t e   causes  a disruption of this  l inkage  and a ser ious   d i s turbance   in   the  
local  charge balance.  The loss of water  molecules  causes  the  Na ions  to  
migrate   to   the  oxygen  a tom of the  te t rahedra  to   which  the  water   molecules  
were previously bound.  This  redis t r ibut ion of c h a r g e  c a u s e s  a distortion 
of the  chains  and a shr inkage of the  unit   cell   dimensions  (10. 7% in  the 
a -ax is  and  8. 3% in  the b-axis) .  The resul t ing compound,  metanatrol i te ,  
is  monoclinic.  
Na2A12Si3010  2H20 -+ Na2A1  Si 0 + 2H20 ( g )  
2 3 10 
Natrol i te   Metanatrol i te  
Given sufficient water vapor,  metanatroli te readily rehydrates to form 
na t ro l i t e .  
From  the   da ta  of Hey (1932),  the stabil i ty boundary of natrol i te  
( s ee  F igu re  15 -8 )  m a y  be roughly approximated.  Hey determined the 
v a p o r   p r e s s u r e  of natrol i te  in  the temperature  range 20 - 225OC with the 
a i d  of very unsophis t icated instrumentat ion.  However ,  this  is  the only 
information available on the stabil i ty of natrol i te ,  other  than the one tem- 
p e r a t u r e  of dehydrat iondeterminedby Fang (1963) .  The DTA a n d  m a s s  
spec t rometer   da ta   ( see   F igure   15-8)   for   the   dehydra t ion  of na t ro l i t e   a r e  
tabulated as follows: 
HH20 
m m  of Hg T°C 
DTA 12. 5 289  *20 
Mass   Spec t romete r  5 x 40 *5  
A curve   represent ing   these   da ta   i s   p lo t ted   in   F igure   15-8 .  
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Figure 15-8 Stability Curve of Natrolite 
The s tab i l i ty  of 
L u n a r   T e m p e r a t u r e  
natrol i te   in   the  lunar   environment  is as follows: 
T°C TOK pH20  mm of Hg 
Minimum nighttime -180  93 3.5 x 10 
-18  
Equ i l ib r ium  a t  1-m depth  -55 21 8 4 . 5  x 10 
-4 
Maximum  dayt ime  t130 403 1. 8 x lo- '  
A t   l u n a r   p r e s s u r e  - 141  132 1.0 x 
The   above   da ta   ind ica te   tha t  i f  equi l ibr ium is es tabl ished  under   condi t ions 
of l una r   p re s su re   and   t empera tu re ,   na t ro l i t e   w i l l   dehydra t e   du r ing   t he  
lunar   day  and  a lso  wil l   not   exis t  i n  a s tab le   phase   a t   the   equi l ibr ium 
tempera ture  assoc ia ted  wi th  a depth of 1 m.  Metanatrol i te  readi ly  rehy-  
dra tes  when exposed  to  water  vapor .  However ,  rehydra t ion  of me tana t ro l i t e  
during the lunar  night  is  improbable ,  because at  -180 C t he  vapor  p re s su re  
of natrol i te  is  grea te r   than   the   subl imat ion   pressure  of i c e  ( 5 .  2 x mm 
of Hg). 
0 
SECTION 16 
TALC 
16.1  FORMULA 
Mg3  Siq  Ol0 (OH)2.  
16. 2 MINERAL CLASSIFICATION AND VOLATILE 
Si l icate ,   mica  group-(OH).  
16. 3 SPECIMEN LOCALITY 
New Fane, Vermont.  
16.4  PROCUREMENT  SOURCE 
The  Universi ty  of Michigan  Mineralogical  Museum. 
16. 5 OPTICAL MICROSCOPIC ANALYSIS 
The   ta lc   spec imen  has  a cha rac t e r i s t i c   fo l i a t ed   mass ive   s t ruc tu re .  
Examination of the   th in   sec t ion   (F igure   16-1)   revea ls   tha t   there  is  no  inter-  
mix ture  of t remol i te ,  ch lor i te ,  o r  carbonates .  However ,  some b lack  
opaque  mater ia l ,  p robably  magnet i te ,  compr ises  a f ract ion of 1%. T h e  
talc is opt ical ly  negat ive,  color less  in  thin sect ions,  shows low relief in 
Canada balsam, and has  a measu red   ax ia l   ang le  of ze ro .  
16.6 THERMAL ANALYSES 
16. 6. 1 Different ia l  Thermal  Analysis  
See   F igure   16-2 .  
16-1 
Figure 16-1 Photomicrograph of Talc, 47X 
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Test: DTA 
Mineral: Talc 
Weight: 65 mg 
Sensitivity: 10 pv/cm 
925O C 
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Time (Minutes) 
Figure  16-2  Talc DTA 
Test:   GA 
Mineral:  Talc 
Weight: 85 m g  
Sensitivity: 
20 
0 10 20 30 40 50 60 70 80 
Time (Minutes) 
F i g u r e  1 6 - 3  Talc TGA 
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16. 6. 1. 1 Sensit ivity 
The  sens i t iv i ty  is 10  pv/cm.  
16. '6. 1. 2 Peak   Values  
T h e s e   a r e :  
835 c (+)  Very  smal l ,  p robably  t remol i te  
925OC ( - )  Loss of OH. 
0 
16. 6. 2 The rmograv ime t r i c  Ana lys i s  
The  TGA curve  (Figure  16-3)   fol lows  the  DTA  very  c losely  and 
indicates a total  weight  loss  of 5. 370. I t  compares  favorably with the 
theoret ical   weight   loss  of 4. 870. 
16. 6. 3 Mass  Spec t rometer  Analys is  
The  mass spec t romete r   cu rve   (F igu re   16 -4 )   shows  a v e r y  small 
but  continuous  loss of absorbed  water   with  the  loss  of OH taking  place a t  
579OC. This  reac t ion  cor responds  to  the  s l igh t  endothermic  dr i f t ,  cu lmi-  
nating in an endothermic peak at  925 C, on the DTA curve.  
0 
16.7 X-RAY DIFFRACTION PATTERNS 
16.  7. 1 Debye-Scherrer  Standard 
F igure   16-5   shows  the   t a lc   X-ray   pa t te rn   t aken   wi th   the   Debye-  
S c h e r r e r  c a m e r a .  
T h e r e  is general ly   excel lent   agreement   between  the  Debye-Scherrer  
standard  photograph  and  ASTM  values  (Table  16-1).  
16. 7. 2 Bendix Vacuum Camera Standard 
F igure   16-6   shows  the   t a lc   X-ray   pa t te rn   t aken   wi th   the   Bendix  
Vacuum  Camera  (magnif icat ion ZX).. 
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Figure 16-5 Talc X-Ray Pattern Taken With Debye-Scherrer Camera 
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Figure 16-6 Talc X-Ray Pattern Taken With Bendix 
Vacuum Camera (Magnification 2X) 
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TABLE 16-1 
COMPARISON O F  EXPERIMENTAL AND  ASTM 
D-VALUES FOR TALC 
The  agreement   between  values   f rom  the  Debye-Scherrer   s tandard 
and the Bendix camera s tandard (Table  16-2)  is  par t icular ly  good.  The dif-  
f e r ences   i n   d -va lues   fo r   t he   f i r s t   l i ne   a r e   due   t o   t he   i naccuracy   i nhe ren t  
in   measuring  low-theta   l ines .  
16. 7. 3 Vacuum Pat te rns  
A l l  d i f f ract ion  pat terns   obtained  under   the  condi t ions of P h a s e  I 
precisely duplicated that of the s tandard.  Since the loss  of hydroxyl ion 
should  resul t   in   major   s t ructural   changes  (see  Sect ion  16.  8) which would 
be readily evident on diffraction photographs,  no devolati l ization is indi-  
cated. In Section 16. 8, da t a  a re  p re sen ted  to  show tha t  even  i f  equi l ibr ium 
were at ta ined,  devolat i l izat ion is unl ikely.  Therefore ,  this  mineral  was 
not  included  in  Phase 11. 
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TABLE 16-2 
COMPARISON OF  OBSERVED  D-VALUES  AND  RELATIVE 
INTENSITY MEASUREMENTS FOR TALC 
Debye-Scher rer   S tandard  CuK, 
dabs 
4. 7 
3. 1 
2. 4 5  
2 .  20 
2. 08 
1. 85  
1.   72 
1. 52 
1. 39 
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16.8 ANALYSES OF THERMODYNAMIC AND CRYSTAL STRUCTURE 
DATA 
Ta lc  is a sheet  s i l icate .  I t  is qu i t e  s imi l a r  t o  the  micas  in  tha t  i t  has  
a l a y e r e d   s t r u c t u r e   c o m p o s e d  of t r i -octahedral   sheets   sandwiched  between 
two  sheets  of Si04 tetrahedra  with  none of the   oc tahedra l   s i tes   l e f t   vacant  
( see  F igure  16-7) .  The  fu l l  complement  of Mgt2 ions in  the octahedral  
s i tes  leaves the composi te  sheets  e lectr ical ly  neutral .  Consequent ly ,  the 
composi te   shee ts   a re   he ld   toge ther  by only weak Van der Waals fo rces .   The  
composition of the  S i04  shee t s  is Si2O5. The tetrahedra point inward with 
each apical oxygen coordinated to two Mgt2 ions and one OH- group. The 
OH- groups  lie a t  the  center  of hexagonal rings of apical oxygens.  The 
stacking of s u c c e s s i v e   l a y e r s  is similar to  tha t  of mica.  The hexagonal  
r ings  of S i04   te t rahedra   l i e   d i rec t ly   above   one   another ,   a l lowing   many  d i f -  
ferent  s tacking sequences based on the rotat ion of success ive  l aye r s .  Th i s  
g ives   r i s e   t o   many   po lymorph ic   fo rms   and   s t ack ing   d i so rde r   i n   t he   c rys t a l  
s t r u c t u r e .  
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".L 3 MgSi03 
clinoenstatite 
See Figure 14-7 
(diopside) 
t 
S i 0  
Cristobalite  (after 2 Wyckoff, 1925) 
+ 
Figure 16-7  The Structures of Talc and Cristobalite 
Talc shows very l i t t le  var ia t ion in  composi t ion.  Occasional ly ,  small 
amount-s of T i   o r  A1 may  subst i tute   for   Si ,   and small amounts  of F e   o r  A1 
may   subs t i t u t e   fo r  Mg. 
Upon heat ing,  ta lc  ul t imately breaks down to cl inoenstat i te ,  cr is to-  
ba l i te ,  and  water  vapor .  Severa l  inves t iga tors  (Thi lo ,  1937;  Ei te l  and  
Kedesday, 1943; Foster,  1951; and Atlas,  1952) have reported the formation 
of an   in te rmedia te   phase   which   has   been   ca l led   meta- ta lc   o r   p ro toens ta t i te .  
X-ray  invest igat ions  have  shown  that   th is   intermediate   compound  is   one of 
the polymorphic  forms of MgSi03. However,  in this study emphasis will  
be placed on the reaction: 
3 MgSi03 t SiOz f H 2 0  
Talc   Cl inoenstat i te   Cris tobal i te  
Clinoenstati te  is   one of the   th ree   po lymorphic   forms   (ens ta t i te ,  
c l inoenstat i te ,  andprotoenstat i te)  of MgSi03. Clinoenstati te does not occur 
in  t e r r e s t r i a l  rocks .  Fos t e r  (1951)  and  At l a s  (1952)  have  sugges t ed  tha t  
i t  is a metas tab le   low- tempera ture   form,   whi le   Mor imoto   (1959)   be l ieves  
it is a me tas t ab le  h igh - t empera tu re  fo rm.  The  s t ruc tu re  of clinoenstati te 
i s  s imi l a r  t o  tha t  of diopside.  However ,  there  are  some differences in  the 
detai ls  of the  pyroxene  cha in  s t ruc ture .  The  presence  of Mgf2  ions  requi res  
6-fold  coordination  instead of the  8-fold  coordination of t he   Ca t2   i ons   i n  
diopside.  This difference of cation coordination results in both a shift of 
position and a change in shape of the chains.  The shift  consists of a d i s -  
placement parallel  to the chain length.  The change in shape is  caused by 
a rotation of the   S i04   te t rahedra   a round  an   ax is   pass ing   th rough  the   S i   a tom 
and  the 0 atom  coordinated  to  the  Mgf2  ion.  
The   s t ruc tu re  of cr is tobal i te  is  based upon sheets of 6-membered  
rings of S i04  te t rahedra  ( see  F igure  16-7) .  Idea l ly ,  the  s t ruc ture  is cubic. 
However,  this is not  possible  because i t  requires  extremely small S i - 0  
bond d is tances .  Therefore  c r i s toba l i te  has  what  appears  to  be  a tetragonal 
s t ructure   with  successive  sheets   l inked  by  Si-0-Si   bonds  perpendicular   to  
(001) and with the basal oxygen atoms of success ive  shee ts  ro ta ted  60°. 
T h i s   s t r u c t u r e  a s  compared  to  that  of q u a r t z  i s  quite open and can easily 
accommodate   foreign  ions.  
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T h e r e  a r e  suff ic ient   thermodynamic  data   avai lable   to   permit   cal-  
culation of the  s tabi l i ty   re la t ion  for   the  react ions:  
Mg3Si4010  (OH)2  3MgSi03 t SiOz t H 2 0   ( g )  
The  following a re  the  heat  capacity  equations  and  the  heats of f o r m a -  
tions at 298OK for   the  reactants   and  the  products :  cp 
Mg 3Si4010 ( OH) 2 84. 58 t 4 1 .  6 8 x  1 0 - 3 T  - 1 7 . 9 6 ~ 1 0  T 5 - 2  
Robie and Stout, 1963 
MgSi03 20. 59 t 12. O O X I O - ~ T  - 4 . 0 6  x 10 T 5 - 2  
Kelly,  1960 
S i 0  ( C r i s t o b a l i t e )  4. 28 + 21. 06x 10-3T Kelly,  1960 2 
H 2 0 ( g )  7. 38 -t 2. 46x  10-3T  Kelly,  1960 
AHfm (298OK) 
Mg 3 s i 4 0  1 O(OH) 2 -43, 600 f 1500 cal /mole  Robie ,   1963 
MgSi03 8, 690 f 150  ca l /mole   Torgeson   and   Sahama,  
1948 
S i 0  ( C r i s t o b a l i t e )  O c a l / m o l e  2 
H 2 0 W   1 0 ,  7 67 c a l / m o l e  R o s  s in i ,  19 52 
The  appl icat ion of the   d i f fe ren t ia l   form,  ( A H )  = ACp,   l eads   t o  
the equations: 
d T  
d (AHo)  = (-11. 23 t 17. 84 x 10-3T t 5. 78 x 10 T ) dT 
= AHo - 11. 2 3 T  t 8. 92 x 10 T - 5 .78  x 10 T 
5 - 2  
0 
A HT 
- 3  2 5 -1 
0 
where AHo is the constant of integrat ion.  Evaluat ing AH from AH 
= A H  o c  45, 677 (Robie,   1963),   the  equation 
0 0 
0 T 
298 
A H T  
0 = t 5 0 , 1 8 8  - 11.23T X 8 .92  X 10 T - 5. 78 X 10 T - 3  2 5 -1 
is obtained. 
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With a knowledge of the  enthalpy of r eac t ion  as  a function of t e m p e r a -  
ture   and  the  Clausius-Clapeyron  equat ion,  it is possible   to   calculate   the 
v a p o r   p r e s s u r e   ( H  0) of ta lc  at any   t empera tu re :  2 
" d P  A H ~ O  
d T  T A V  
- 
Assuming  tha t   water   vapor   ac t s   as   an   idea l   gas   in   the   t empera ture   and  
pressure  range  under   s tudy  andneglect ing  the  volume of the solid phases,  
an  equation of t he   fo rm 
0 
d P  * HT 
" 
P 
- 
R T ~  
is obtained. 
Substi tuting  the  equation  for  the  enthalpy of react ion  and  integrat ing 
results in the equation: 
Log P = - [ -50 ,  188T - 11. 23 log T -t 8. 92 X 10 T 1 - 1   - 3  
R 
+ 2.  89 X 10 T ] -t C .  5 -2  
F r o m   t h e   d a t a  of Robie, 1964, (PH 0 = 15. 2 mm of Hg a t  600 C ) ,  0 
the  constant C can  be  evaluated 
2 
log P = - [ -50, 188T - 11. 23 log T t 8.92 X 10 T 1 - 1   - 3  
R 
t 2. 89 x 10 T 3 + 38.22. 5 -2  
A graphica l  representa t ion  of this equation is shown in Figure 16-8.  This 
equation is va l id  for  the  tempera ture  range  300 - 800 K. However, based 
on a discrepancy  between  the  experimental   values   and  calculated  values ,  
t h e r e  is a 570 uncertainty at  200°K and a 10% uncertainty at  100°K. T h e r e -  
fo re ,   t he re   may   be  a significant amount of e r ror   in   apply ing   these   da ta   to  
the   lowes t   lunar   t empera tures .  
0 
16-12 
1 oo 
1/T OK 
977 562 352 227 144 
I I I I I I I I I I 1 I 
40 - 3  - 23 -4 6 -65 -77 84 0 
T, C 
15 1 
Figure 16-8  Stability Curves of Talc 
The  breakdown  curve  constructed  f rom  the  fol lowing DTA and mass 
s p e c t r o m e t e r   d a t a  is a l so   shown  in   F igure   16-8 :  
Mg3Si4010(OH)Z - - - 3 MgSi03 t S i 0 2  -t H20(g )  
DTA 
M a s s   S p e c t r o m e t e r  
PH 0 mm of Hg 2 T°C 
12.  5 835 f 20 
5 x  10  579 rt 5 
- 6  
Extrapolation of the  previously  calculated  stabil i ty  equation  to  the 
lunar environment gives:  
Luna r   Tempera tu re  T°C T OK pHzO mm of Hg 
Maximum  dayt ime 4-1 30 40 3 1 . 0  x 10 
At   l una r   p re s su re  +351 62 4 1 . 0  x 10 
- 34 
-11 
These  data  indicate  that   talc  should  be  stable  in  the  lunar  environ- 
ment .  
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SECTION  17 
TEKTITE 
17.1  FORMULA 
17.2 MINERAL CLASSIFICATION AND VOLATILE 
Si l ica  g lass  - none 
17. 3 SPECIMEN LOCALITY 
Thailand. 
17.4 PROCUREMENT SOURCE 
Ward ' s  Na tu ra l  Sc ience  Es tab l i shmen t ,  Inc . ,  Roches t e r ,  New York. 
17. 5 MICROSCOPIC ANALYSIS 
The  tek t i te  spec imen,  var .  Indochin i te ,  p resents  a homogeneous 
g lassy  appearance  except  for  small, blocky,  opt ical ly  isotropic  inclusions 
which a re  p robab ly  l echa te l i e r i t e  ( s i l i ca  g l a s s ) .  In addition, a few dust-  
l ike   par t ic les   a re   randomly   d i s t r ibu ted   th roughout   the   t ek t i te   g lass   (F ig-  
ure  17-1) .  The la t te r ' s  index of r e f r a c t i o n  m e a s u r e s  1 .  495. It should 
also  be  noted  that   the   specimen  does  not   have a f low  s t ructure .  
17.6  THERMAL  ANALYSES 
17. 6 .  1 Di f fe ren t ia l  Thermal  Analys is  
See F i g u r e  1 7 - 2  
17. 6 .  1 .  1 Sensi t ivi ty  
17-1 
17-2 
Test: DTA 
Mineral:  Tektite 
Weight: 220 mg 
Sensitivity: 5 pvfcm 
l0OO0C 
A T vs Time 
- 3  
-4 
-5 
0 10 20 30 40 50 60 70 80 
Time (Minutes) 
Figure  1 7 - 2  Tektite DTA 
Teat:   GA 
Mineral:  Tektite 
Weight:  212 mg 
Sensitivity: 
Time (Minutes) 
Figure  1 7 - 3  Tekti te  TGA 
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17. 6. 1 . 2  Peak  va lues  
None. 
The DTA curve depicts only a small endothermic   d r i f t .  
17. 6 .  2 The rmograv ime t r i c  Ana lys i s  
No evidence of any weight loss  is apparent  i n  the TGA curve (Fig- 
ure 17-3),  even though the sample had been heated to a max imum  t empera -  
t u r e  of 105OOC. 
17. 6 .  3 Mass  Spec t rometer  Analys is  
N o  changes   a re   depic ted  on the mass  spec t romete r   cu rve   (F ig -  
ure  17-4)  except  for  the lo s s  of some adsorbed  water .  This  water  loss  i s  
es t imated   a t  less  than 17' and  corresponds  to   the  s l ight   endothermic  dr i f t  
of the  DTA  curve. 
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F i g u r e  17-4 M a s s  Spec t romete r   Curve  of Tekt i te -H20  Peak   P lo t ted  
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17.  7 X - R A Y  DIFFRACTION PATTERNS 
1 7 .   7 . 1   D e b y e - S c h e r r e r   S t a n d a r d  
T h e  t e k t i t e  p a t t e r n  ( F i g u r e  1 7 - 5 )  s h o w s  n o  l i n e s  w h a t s o e v e r ,  c o n -  
f i r m i n g  its n o n c r y s t a l l i n e  n a t u r e .  
F i g u r e  1 7 - 5  T e k t i t e  X - R a y  P a t t e r n  T a k e n  W i t h  D e b y e - S c h e r r e r  C a m e r a  
1 7 .  7 .  2 " V a c u u m  P a t t e r n s  
A l l  pho tographs ,  i nc lud ing  tha t  o f  t he  Bend ix  camera  s t anda rd ,  
showed  no  d i f f r ac t ion  l i nes  o r  even  b road  d i f f r ac t ion  max ima ,  wh ich  a re  
ind ica t ive  of i n c r e a s i n g   l o n g - r a n g e   o r d e r   i n   g l a s s e s  as a funct ion of t i m e  
a n d  a n n e a l i n g  t e m p e r a t u r e .  T h i s  m a t e r i a l  w a s  t h e r e f o r e  n o t  i n c l u d e d  i n  
P h a s e  11. 
17 .8  ANALYSIS O F  THERMODYNAMIC AND CRYSTAL STRUCTURE DATA 
No  ana lys i s  is  i n c l u d e d  h e r e  s i n c e  t h e  n o n e q u i l i b r i u m  g l a s s  o r d e r i n g  
p r o c e s s   c a n n o t   b e   a d e q u a t e l y   a n d   s i m p l y   t r e a t e d .  
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SECTION 18 
SUMMARY AND CONCLUSIONS 
18. 1 TEST MINERALS 
The   mine ra l   s amples   u sed  in this r e sea rch   s tudy   were   ca re fu l ly  
chosen   t o   r ep resen t   t hose   c l a s ses  of ma te r i a l s   mos t   l i ke ly   t o   unde rgo  
change in  the lunar  environment .  These included a carbonate  (calci te)  
which is known to   decompose  with  the  loss  of C02,   common  rock- forming  
sil icates containing volati le hydroxyl ion (e.  g.  , talc,  muscovite ') ,  a com-  
pound  with  water of hydrat ion  (gypsum),  a minera l   wi th   zeo l i t i c   water  
(natrol i te) ,  a clay  mineral   (montmoril lonite)  with  interlayer  water  known 
to   be   eas i ly   los t   o r   ga ined   revers ib ly ,  a feldspar  containing  volati le NH4, 
and an oxide with hydrogen-bonding (goethite). In addi t ion to  these phases ,  
all of wh ich   a r e  known  to  lose a vola t i le   a t  high t e m p e r a t u r e   o r   l o w   p r e s s u r e ,  
basa l t   g l a s s ,  a tektite, and a neutron-irradiated plagioclase were s tudied 
to   de te rmine   the   poss ib le   changes   in   d i sordered   s t ruc tures   in   the   lunar  
environment .  Hemati te  (Fe203) ,  which is known not to undergo structural  
or  composi t ional  changes,  was also s tudied.  
1 8 . 2  EXPERIMENTS 
The   proper t ies  of the  samples   used  were all careful ly   documented,  
and  in  par t icu lar ,  op t ica l  microscopic ,  DTA,  TGA, and time-of-flight 
(TOF)   mass   spec t romete r   s tud ie s   were   made   t o   de t e rmine   compos i t iona l  
changes  a t  e leva ted  tempera tures .  Together ,  th i s  research  de termines  
the composition and amount of t ransformation products .  Since these 
experiments   were  performed  with  cont inuously  changing  temperature   the 
pressure- tempera ture   re la t ions   for   decomposi t ion   a re   no t   equi l ibr ium 
values .  The decomposi t ion temperatures  a t  a g iven  p res su re  a re  known 
to  lag  in  these  experiments  up  to a hundred  degrees  beyond  the  equilibrium 
va lues .  
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18.3  STABILITY  CURVES 
As a part of th i s r e sea rchprogram,   t he   s t ab i l i t y   cu rves   fo r   t r ans fo rma t ions  
were  de t e rmined  as a function of p re s su re  and  t empera tu re .  Da ta  fo r  t he  
formulation of these   re la t ions   were   ob ta ined   f rom  an   in tens ive   l i t e ra ture  
s e a r c h .  In some cases ,  the  ava i lab le  da ta  were  insuf f ic ien t  to  make  more  
than approximate extrapolat ions into the low-pressure range.  In  others  
where   more   than   one   t ransformat ion   was   poss ib le   o r   where   nonequi l ibr ium 
t ransformat ion  occurred ,  on ly  qua l i ta t ive  approximat ions  were  made .  
Nevertheless ,   the   s tabi l i ty   re la t ions  for  all pred ic tab le   t ransformat ions  
were  documen ted .  These  r e l a t ions  a re ,  of course ,  de te rmined  only  for  
conditions of equi l ibr ium. The mass spectrographic  and DTA resu l t s  
gave  good  agreement   with  the  s tabi l i ty   curves ,   consider ing of course   tha t  
the  la t ter   methods  yield  nonequi l ibr ium  values .  
18 .4  THEORETICAL VS.  EXPERIMENTAL RESULTS 
Of the  phases  s tud ied ,  on ly  hemat i te ,  basa l t  g lass ,  and  tek t i te  could  
yield a volati le  during  transformation  which  might  not  be  detected  by 
X-ray  d i f f rac t ion  of the  sample  before  and  af te r  t ransformat ion .  Of the 
remainder ,   on ly   ca lc i te   and   ta lc   were   no t   expec ted   to   t ransform  under   a l l  
l una r  p re s su re - t empera tu re  cond i t ions .  Fu r the rmore ,  muscov i t e  and  
actinoli te  (both  si l icates  containing  hydroxyl  ion  in a close-packed  anion 
framework)   were  found  to   have  re la t ively  high  s tabi l i ty ,   and  i t   i s   predicted 
that  they  would  be  stable at a depth of one   me te r .  
Of the remaining minerals ,  s tabi l i ty  data  and other  experimental  
resu l t s  ind ica te  tha t  NH4 fe ldspar ,  montmor i l lon i te ,  and  na t ro l i te  should  
readily devolati l ize.  However,  if for  some reason  the  vapor  pressure  of 
these  volat i les   should  again  exceed  the  vapor   pressure of the volatiles in 
the  equivalent  "revolati l ized  mineral",   the  minerals  would  reversibly  regain 
the volat i les .  lnsofar  as the dehydration of goethi te  to  hemati te  is  concerned,  
the   t ransformat ion   should   be   i r revers ib le ,   due   to   the   major   changes   in  
s t ructure  involved.  In  the case of the two steps of dehydration of gypsum, 
the first s tep  should be reversible   (publ ished  data   inconclusive,   however) ,  
and  the  second,  i r revers ib le ,  aga in  a s  a r e su l t  of t he  ma jo r  s t ruc tu ra l  
changes involved. 
18-2 
e l  
Under all  simulated conditions of the lunar environment,  only two 
minerals  showed evidence of change. Goethite and gypsum transformed 
during both Phases  I and I1  of the investigation. Moreover,  gypsum, which 
l o s e s   i t s   w a t e r  of hydrat ion  in  a 2-s tep   p rocess   involv ing   the   format ion  of 
the   in te rmedia te   hemihydra te   form,   t ransformed  to   the   hemihydra te   form 
(CaS04 . 1 / 2  H 2 0 ) .  The t ransformed gypsum hemihydrate  did not  lose 
any   more  H 2 0  however ,   even  though  this   should  have  occurred on the basis 
of determined  s tabi l i ty   re la t ions.  
Montmori l loni te  was expected to  lose i ts  inter layer  water .  Since the 
resul t ing change in  s t ructure  is  readi ly  detected by X-ray diffract ion,  i t  
was surpr is ing to  f ind no change under  a l l  tes t  condi t ions.  I t  is likely that 
in t h e   c a s e  of montmori l loni te ,   the   dehydrat ion  could  have  been  a t   least  
partially inhibited by crystal l i te  packing.  The lack of dehydrat ion of 
montmor i l lon i te  is surpr is ing  in   that  its tendency  to   lose  water  is roughly 
equivalent  to that of gypsum,  which  was  shown  to  dehydrate  during  the 
pumpdown  stage of the  experiment   wel l   before   the  f inal   vacuum  condi t ion 
was achieved. The dehydration of geothite and gypsum confirmed that the 
s u r f a c e  of each  open-ended  capi l lary  mount   was  exposed  to   the  required 
environmental  conditions.  In addition, the dehydration of t hese  two phases 
was  shown  to   be  complete   throughout   the  ent i re   volume  of   the  specimens 
fol lowing their  removal  f rom their  mounts .  Thus,  the only explanat ion 
fo r   t he   l ack  of wa te r  loss from  montmori l loni te   would  appear   to   be  in  
that  packing of the  re la t ively  plast ic   montmori l loni te   crystal l i tes   prevented 
the  X-rayed  port ion of the  sample  (only  about  1 /4  in .   f rom  the  exposed 
surface)  f rom being exposed to  the high vacuum. The relat ively larger  
l e s s   de fo rmab le   c rys t a l l i t e s  of gypsum and goethite did not exhibit this 
effect .  This  resul t  is  s ignif icant ,  then,  in  i l lustrat ing the importance 
of factors relating to the physical form of each phase,  such as porosity 
and   rock   fabr ic ,  upon the   occu r rence  of dehydration. 
In   the  cases  of natrol i te   and NH4 fe ldspar ,   the   devola t i l i za t ion  is 
difficult to detect by diffract ion.  This  resul ts  f rom the fact  that  both 
phases  a re  tek tos i l ica tes  conta in ing  H 2 0  and NH4, respec t ive ly ,  in  la rge  
cavi t ies  in  a three-d imens iona l   a luminos i l ica te   f ramework ,   which   remains  
almost unchanged in geometry with devolati l ization. This is  particularly 
t r u e  at the  reduced  levels  of resolut ion  obtained  with  the  Bendix  vacuum 
camera .  This  degrada t ion  of resolut ion is  a t t r ibuted to  the beryl l ium 
window, nonrotatability of samples ,  and  o ther  l imi t ing  fac tors  re la ted  to  
the  design  experiment .  
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It is impor tan t   to   no te   tha t   in   no   phase  of th i s   exper iment   could   t rue  
equi l ibr ium relat ions be establ ished.  A de te rmina t ion  of equi l ibr ium 
devolati l ization relations involves,  for any one phase,  the measurement 
of the  conditions of t r ans fo rma t ion   ove r  a range  of va r i ab le   p re s su res   and  
temperatures ,  with ver i f icat ion through reversibi l i ty .  Except  in  the most  
i dea l   ca ses ,   equ i l ib r ium is d i f f icu l t   to   ach ieve   a t   o r   near  room t e m p e r a -  
t u re ,  because  of the lack of thermal  energy  to  ac t iva te  changes .  For tun-  
a te ly ,  such  exper imenta l  de te rmina t ion  of equi l ibr ium stabi l i ty  re la t ions 
was  unnecessa ry .  A s  noted above,  the equi l ibr ium stabi l i ty  re la t ions are  
readi ly   determined  e i ther   with  thermochemical   data   or   with  t ransformation 
expe r imen t s   a t   h igh   t empera tu res ,   where   r eac t ions   p roceed   a t  a measu rab le  
r a t e .  Ex t r apo la t ions  may  then  be  made  in to  the  lower  p re s su res  and /o r  
lower temperature  regions.  Although such relat ions may be only approxi- 
ma te   a t   t h i s   s t age ,   t hey   a r e   en t i r e ly   adequa te   fo r   p red ic t ing   r e l a t ive .  
stabil i ty.  
If a volati le-containing  phase  exists  metastably  in  the  stabil i ty  f ield 
of the dehydrated equivalents,  then the rate of t ransformat ion   depends  on 
seve ra l  f ac to r s ,  among  them t empera tu re ,  t ime ,  pa r t i c l e  s i ze ,  and  pa r t i c l e  
packing. With respect to gypsum and goethite, we have shown that with the 
special  physical  conditions of th i s   exper iment ,   t ransformat ion   occur red  as  
predic ted  f rom equi l ibr ium s tab i l i ty  da ta .  The  lack  of t ransformat ion  of 
montmori l loni te ,  for  example,  s imply means that  a t  least  one of t hese  
var iab les   ac ted   to   inh ib i t   the   t ransformat ion   to   the   phase  known to  be  the 
equi l ibr ium  one.  
The   t ransformat ion  of goethite  to  hematite is an   i r r eve r s ib l e   one ,  
due  to  the  d i f fe rence  in  the  c rys ta l  s t ruc tures  of these two phases .  Thus,  
no change should occur in the spacecraft  environment.  However,  the 
t r ans fo rma t ion  of gypsum  to  the  hemihydrate is known to  be  revers ible  
as  discussed in  Sect ion 11.  Nevertheless ,  no rehydra t ion  occurred  in  the  
spacecraf t  envi ronment .  When the specimen was exposed to  the 
atmosphere fol lowing i ts  removal  f rom the vacuum chamber,  again no 
rehydration was noted. Mention should be made of the fact that the hemi- 
hydra te  has  recent ly  been  repor ted  as  occurr ing  na tura l ly .  It is t h e r e f o r e  
not   surpr is ing  that   rehydrat ion of the  hemihydrate   was  not   observed  in   the 
spacecraf t  envi ronment .  1 
1 R. J. Moila and E. D. Glover ,  "Recent  Anhydri te 'FromClayton Playa,  
Nevada, I t  J. Am. Min.,  Vol. 50, pp. 2063-2069,  1965. 
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18. 5 CONCLUSIONS 
It is   s ignif icant   f rom  this   experiment   that   despi te   the  fact   that   only 
two  minerals   t ransformed,   the  change  in   environment   f rom  lunar   to  
t e r r e s t r i a l ,   even   ove r  a shor t  t ime in te rva l ,  was  suff ic ient  to  cause major  
changes in some phases .  I t  should also be emphasized that with regard to 
minerals   found  a t   the   lunar   surface  and  in   par t icular   their   equivalence  to  
t e r r e s t r i a l   phases ,   r e l i ab le   r e su l t s   can  be expected of the predictions made 
f rom s tab i l i ty  da ta .  T ime,  tempera ture  ex t remes  producing  s t ress ,  h igh  
ene rgy   pa r t i c l e s   s t r i k ing   t he   su r f ace ,   and   o the r   va r i ab le s   a r e   anc i l l a ry  
envi ronmenta l   fac tors   tha t   might   a f fec t   the   minera l   s tab i l i ty   a t   the   lunar  
sur face .  Never the less ,  the  pred ic ted  equi l ibr ium s tab i l i ty  re la t ions  should  
be  the  overriding  factor in de termining   the   phase   occur r ing   on   the   lunar  
surface.  In comparison, the physical conditions relating to such  va r i ab le s  
as  compaction  and  their   change  with  depth  should  be  the  determining  factors 
for   phases   below  the  lunar   surface.  
18-5 
SECTION 19 
BIBLIOGRAPHY 
1. 
2 .  
3. 
4. 
5. 
6 .  
7. 
8 .  
9. 
A m e s ,  L. L. and Sand, L. B.,  1958, "Factors Effecting Maximum 
Hydrothermal Stabil i ty in Montmoril lonites,  'I Am. Min . ,  V.  43, 
p. 6 .  
Andrusson,  L . ,  1957, "Thermal Dissociation of Carbona te s ,  
P a r t  111. Temperature  Dependence and Method of True Exponents .  
Comparisons With Evaporation, I I  Zei t .  Physik.  Chem.,  V .  208,  p.  78. 
Aru ja ,  E . ,  1944, "An X-Ray Study of the Crystal  Structure  of  
Antigorite,  I' Min. Mag.,  V .  27,  p.  65. 
A t l a s ,  L. , 1952, "The Polymorphism of MgSi03 and Solid State 
Equilibria in the System MgSi03-CaMgSi206, "J. Geol. , V .  60,  
p.  125. 
Augustinik, A.  I . ,  Tandura ,  P. Z . ,  and  Sve rcka ra ,  L. I . ,  1949, 
"Mechanism of Reactions in Talc During Heating, 'I Zhur ,  Pr ik l .  
K h i m . ,  V .  22,  p.  1150. 
Babeleowsky, T. P. J .  H. and  Boerbomm,  A.  J .  H . ,  1961, "Mass 
Spectrometr ic   Study of CaOand  Ta,  I '  Advanced .. ~ ~~ M a s s   S p e c t r o m e t r y ,  - "- 
v. 2 ,  p.  135. 
B a c k s t r o m ,  H .  C . ,  1925 "The Thermodynamic Properties of 
Calci te  and Aragoni te ,  ' I  J . A m .  C h e m .  S o c . ,  V.  56, p. 340. 
Barany,  R. ,  1963,  "Heats  of  Formation of  Gehleni te  and Talc ,  ' ' 
US Bur.  Mines Rept.  Investigation, #6251. 
Barany,  R. ,  1964,  "Heat  and Free Energy of Format ion  of 
Muscovite,  I '  US ___. Bur.  Mines  Rept.  Investigation,  #6356. 
19-1 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
Barany,  R. and Kel ley,  K. K . ,  196 1, "Heats and Free E n e r g i e s  of 
Format ion  of Gibbsite,   Kaolinite,   Halloysite,   and  Dickite,  I f  US - 
Bur.  Mines  Rept.  Investigation,  #5825. 
B a r k e r ,  D. S. , 1964, "Ammonium in Alkali  Feldspars,  I t  Am. Min. ,  
V.  49, p. 851. 
Ba r th ,  T.  F. W . ,  1962, Theoretical  Petrology, 2nd. ed.  , John Wiley 
and  Sons ,  Inc . ,  New York. 
Bech, C. W . ,  "Different ia l  Thermal  Analysis  Curves of Carbonate  
Mine ra l s ,  I t  Am. Min. , V. 35, p. 985. 
Belyankin, D. S. and Donskaya, E. B . ,  1939, "Thermo-optical  
B e r n a l ,  J . D . ,  D a s g u p t a ,  D . R . ,  a n d  M a k a y ,  A .  L . ,  1959,  "The 
Oxides  and  Hydroxides  of Fe   and   Thei r   S t ruc tura l   In te r - re la t ionships ,  ' I  
Clay  Min.  Bull, V .  4,  p.  15. 
Bichowksy and Rossini ,  1936,  Thermochemistry of the Chemical 
Substances,  Reinhold Pub. Corporation, N. Y .  
"_ 
Birch,  F. ,  1942,  "Handbook of Physical  Constants ,  I 1  Geol. SOC. 
Am. ,  Spec .  Paper  #36 .  
Bi te ,K.  and Matsui ,  M.,  1933,  "The Thermal  Dissociat ion of 
Calcium Carbonate  in  the Atmosphere of Carbon Dioxide IV. The 
Thermal   Change  of Prec ip i ta ted   Calc ium  Carbonate ,  I '  J. SOC. 
Chem.  Ind.  (Japan), V .  36,  Supplemental  binding,  p.  1546. 
21. Bos, H. G .  , 1956, "A Res t r ic ted  Formula t ion  of Le Cha te l i e r ' s  
P r inc ip l e ,  'I Chem. Weekblad, V.  52,  p.  601. 
23. Bowen, N. L. a n d  G r i e g ,  J. W . ,  1924, "The System A1203-Si02, I '  
J. A m .  C e r a m .   S o c . ,  V.  2,  pp.  238,  410. 
24. Bowen, N. L., and Tuttle,  0. F. ,  1949, "The System MgO-Si02-H201 " 
Geol.   SOC. A m .  Bul l . ,  V .  60,  p.  439. 
25. Boyd, F. R . ,  1954, "Annual Report of the Director of the Geophysical 
Labora tory ,"   Carnegie  ". ~.. Inst .  of Wash.  Yearbook,  #53,  p.  109. 
26 .  Boyd, F. R.,  1959, "Hydrothermal Investigation OfAmphiboles,  I '  
" Researches   in   Geochemis t ry ,   Wi ley ,  N. Y. 
27. Bragg, W. L. ,  1937,  Atomic Structure  of Minerals,  Cornel1 Univ.  
Press ,  Ithaca,  N.Y. 
29.  Brandenburger,  E . ,  Epprecht ,  W . ,  and  Niggli, P . ,  1947, 
"Die Serpentin-Mineralen und ihre Synthese,  ' I  Helv. Chim. 
A c t a . ,  V. 30, p.  9. 
- 
31.  Carlson,  E. T. I P e p p l e r ,  R. B. ,  and Wells, A.  S. , 1953, "Studies 
in  the  System  Magnesia-Silica-Water at E leva ted   Tempera tu res   and  
P r e s s u r e s , "  J. Resea rch  Na t l .  Bur .  S tds . ,  V.  51,  #4,  p.  179. 
3 2. 
33. 
34. 
3 5. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 
43. 
Deer ,  W.A. ,  Howie ,  R .A. ,  and  Zussman,  J . ,  1962,   Rock  Forming 
M i n e r a l s ,  V.  1-5,  John Wiley and Sons,  Inc.  , N. y. 
D r o s t e ,  J.  B. and  Gr im,  R.  E. , 1959, "X-Ray Investigation Using 
an  Autoclave  for  Conversion of Gypsum  to   the  Hemihydrate ,  1 1  
A m .  Min. , V.  44, p. 731. 
Dushman,  S . ,  1962, Scientific Foundations of Vacuum Technique, 
2nd ed., John Wiley and Sons, Inc. , N. Y .  
E a r l e y ,  J .  W.  , Milne, I. H . ,  and McVeagh, W.  J . ,  1953,  "Thermal  
Dehydration  and  X-Ray  Studies  on  Montmoril lonites,  I '  A m .  Min. 
V .  38, p. 770. 
Edelman, C. H. and Favejee,  J .  Ch. L. , 1940, "On the Crystal  
S t r u c t u r e  of Montmoril lonite,  I '  Z e i t ,  K r i s t . ,  V. 102, p. 417. 
Ei te l ,  W . ,  1954,  The  Phys ica l  Chemis t ry  of the Silicates, Univ. 
of Chicago  Press ,  Chicago .  
E i t e l ,  w. and Kedesday, H . ,  1943, "Die Metaphase der 
Entwasserung  des   Talks ,   Abh.   Preuss   Akad.  Wiss. #5,  p. 21. 
E r d ,  R .  C. , White, D. E. , F a h e y ,  J .  J. , and Lee,  D. E. , 1964, 
"Buddingtonite,  an Ammonium Feldspar With Zeolit ic Water,  
A m .  Min. , V. 49,  p.  831. 
Evans,  R.  C. ,  1964,  An Introduct ion to  Crystal  Chemistry,  2nd 
ed . ,   Cambr idge   Univ .   Press ,   Cambr idge ,   England .  
Ewell ,  R .  H. and Insley, H. 1935, "Hydrothermal Syntheses of 
Kaolinite,  Dickite,  Beidellite,  and  Nontronite, J .  R e s e a r c h  
Natl.  Bur.  Stds. , V. 15, p.  173. 
Ewing, F. J . ,  1935,  "The Crystal  Structure  of Diaspore,  ( I  J .  Chem. 
P h y s . ,  V.  3,  p. 203. 
Fang ,  J .  H. , 1963, "Cell Dimensions of Dehydrated Natrol i te ,  
A m .  M i n . ,  V. 48,  p.  414. 
19-4 
44. 
45. 
46. 
47. 
48. 
49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 
F a u s t ,  A m .  Min. ,   1948,  V. 33,  pp.  337-345 
F a r n s w o r t h ,  M. , 1924, "Effects of T e m p e r a t u r e  a n d  P r e s s u r e  
on Gypsum and Anhydrite, I t  U S  Bur.  Mines Rept.  Investigations,  
#26 54. 
Fenner ,  C .  N. , 1913, "The Stabil i ty Relations of the Si l ica  Minerals ,  I I  
Am. J .  Sci . ,   Ser .   4 ,  V. 36,  p.  331. 
F lo rke ,  0. W. , 1952, "Kristallographische und Rontgenometrische 
Untersuchungen im System  CaS04-CaS04.   2H20,  I 1  Neues   Jahrb .  
Min.  Abh. , V. 84, p. 189. 
F o s t e r ,  W. R. , 1951, "High Temperature X-Ray Diffraction Study 
of the Polymorphism of MgSi03," J .  A m .  C e r a m .  S O C . ,  V. 70; 
p. 234. 
Francombe,  M. H. and Rooksby, H. P . ,  1959,  "Structure  Trans-  
formations  Effected by the  Dehydration of Diaspore,   Geothi te ,  
and Del ta  Ferr ic  Oxide,  I '  Clay. Min. Bull, V. 4, p. 1 .  
Fr icke ,  R .  and  Juca i t i s ,  P. , 19.30, "Untersuchungen uber die 
Gleichgewichte  in  den  Systemen A1 203.Na20-H20  and 
A1203.  K2O.  H20, I '  Zeit .  Anorg.  Chem.,  V.  191,  p. 129 .  
F y f e ,  W.  S. , 1962, "On the Relative Stability of Ta lc ,  
Anthophyllite,  and  Enstatite,  Am. J .  Sci. , V. 260, p. 460. 
F y f e ,  w. s. ,  1964,  Geochemistry of Solids,  McGraw-Hill  CO. , N .  y 
Galli tell i ,  P. , 1933, "Richerche Sul Solfato di  Calcio Semidtato 
e sul l '   Anidr i ta   Solubi le ,   Per iodic0  Min.   Roma,  V. 4 ,  p.  132. 
C a r r e l s ,  R.  M. ,  1957,  "Some  Free   Energy   Values   From  Geologic  
Relations,  A m .  Min. , V. 42,  pp.  780-791. 
C a r r e l s ,  R .  M. ,   1960,   Minera l  ~ .. Equi l ibr ia   a t  Low T e m p e r a t u r e s  
a n d  P r e s s u r e s ,  H a r p e r  a n d  B r o t h e r s ,  N.  Y. 
Gatineau, L. and Mering, J . ,  1958 ,  "P rec i s ions  Sur  l a  S t ruc tu ra  
di  la Muscovite,  Clay,  Min.  Bull, V. 3,  p. 238. "- 
19-5 
57. 
58. 
59. 
60. 
61. 
62. 
63. 
64. 
65. 
66. 
67. 
68. 
Ginzbury, D. M. and Barenova, R. I. , 1955, "Thermodynamic 
C h a r a c t e r i s t i c s  of Calcium  and  Magnesium  Carbonates   and 
Oxides,   Trudy  Vsesoyuz.  Inst .   Sodovoi "P r o m ,  . ~~~ - V. 8, p. 106. 
G l e m s e r ,  O . ,  1959, "Binding of H20in  Some Hydroxides  and  
Hydrous  Oxides,   Nature,  V. 183, p. 943. 
Goldsztaub, S. , 1931,  "Deshydra t ion  des  Hydra tes  Fer r iques  
Na tu re l s ,  I '  Compt.   Rend.   Acad.   Sci .   Par is ,  V. 193, p. 533. 
~ - 
Gordon, A. R .  , 1934, "Calculation of Thermodynamic Quant i t ies  
From  Spec t roscopic   Data   for   Polya tomic   Molecules ;   the   Free  
Energy,  Entropy,  and  Heat  Capacit ies of Steam, J .  Chem.  Phys . ,  
V. 2, p.  65. 
Gra f ,  D. L. and Lamar, J .  E . ,  1955,  "Proper t ies  of Calcium and 
Magnes ium  Carbonates   and   Thei r   Bear ing   on   Some  Uses  of Carbonate  
Rocks,  I '  Econ. Geol. Fiftieth Aniv. Vol. , 1905-1955,  p.  639. 
G r u n e r ,  J .  W . ,  1934,  "The Crystal  Structure  of Talc and 
Pyrophyl l i te ,   Zei t .   Kris t .  , V. 88, p. 412. 
Guin ier ,  A. ,  "Mise  En Evidence  Des  DeFauts  Cr is ta l l ins  Per '  
Les   Rayons  X ,  I '  Radiation  Damage  in  Solids, - e d . ,  by D. S. 
Bill ington, Proceedings of the International School of Phys ic s  
( E n r i c o  F e r m i ) ,  A c a d e m i c  P r e s s ,  1 9 6 2 .  
Harke r ,  R .  I. and Tut t le ,  0. F. , 1954, "Studies in the System 
C a G M g G C 0 2 ,  ' I  Geol.  SOC. A m .  Bull. , V. 65,  p.  1260. 
Hendricks,  S. B . ,  1939, "On the  Crys ta l  S t ruc ture  of Talc  and 
Pyrophylli te,  I '  Zeit .  Kris t .  , V. 99,  p.  264. 
Hendricks,  S. B . ,  1942, "Lattice Structure of Clay Minerals 
and  Some  Prope r t i e s  of Clays,  J'. Geol. , v. 50, p.  276. 
Hey, M.  H. , 1932, "Studies on Zeolites,  Part  11. Natroli te and 
Metanatroli te,   Min.  Mag. , V. 23,  p. 243. 
Hey, M. H. , 1935, "Studies on Zeolites,  Part  VIII. A Theory  of 
t h e   V a p o r   P r e s s u r e  of the  Zeolites  and of the  Diffusion of H z 0  or 
Gases   in   the  Zeol i t ic   Crystal ,   Min.   Mag.  , V. 24,  #150, p. 99. 
19-6. 
69. 
i l  70. 
71. 
7 2. 
73. 
74. 
7 5. 
76. 
77. 
78. 
79. 
Hey, M. H. and Bannister,  F. A . ,  1932, "Studies on Zeolites, 
P a r t  111. Natroli te  and  Metanatroli te,   Min.  Mag. , V. 23,  p.  243. 
Hey, M. H. and Bannis ter ,  F. A.,  1948, "A Note on the Thermal  
Decomposition of Chrysotile,   Min.  Mag. V. 28, p. 333. 
Hill. A. E . ,  1937 ,  "The  Trans i t i on  Tempera tu re  of Gypsum to 
Anhydrite, J .  A m .  Chem. SOC., V. 59,  p.  2242. 
Humphrey, G. L. and King, E. G. , 19 52, "Heats of F o r m a t i o n  of 
Quartz   and  Cris tobal i te ,  ' I  J.  A m .  Chem.  SOC.,  V. 74, p. 2041. 
Jackson,  W. W. and West, J . ,  1930,  "The  Crys ta l  S t ruc ture  of 
Muscovi te ,   Zei t .   Kris t .  , V. 76  and  85,  pp. 21 1, 160. 
"
Johnson,  J . ,  1910,  "The  Thermal  Dissoc ia t ion  of Calcium 
Carbonate ,"  J .  A m .  Chem. SOC. ,  V. 32, p. 938. 
Kabayashi, K. , 19 51, "Heat Capacit ies of Inorganic  Substances 
a t  H igh  Tempera tu res ,  Pa r t  111. Heat Capacity of Synthetic Calcite,  I I  
Sci.   Rept.   Tokoku  Univ. ,  1st. S e r . ,  V. 35,  p.  103. 
Kelley, K. K. and Anderson,  C.  T. ,  1935,  "Contr ibut ions to  the 
Data  on Theoret ical  Metal lurgy,  IV. Meta l  Carbonates -Corre la t ions  
and Applications of The rmodynamic   P rope r i e s ,  I '  US Bur. Mines Bull. , 
#383. 
Kelley,  K .  K . ,  1949, "Contributions to the Data on Theoretical 
Metallurgy, X .  High Temperature  Heat-Content ,  Heat  Capaci ty ,  
and Entropy Data  for  Inorganic  Compounds,  U S  Bur.  of Mines 
Bull. , #476. 
Kelley, K. K .  , 1960, "Contributions to the Data on Theoretical  
Metallurgy, XIII. High Temperature  Heat-Content ,  Heat  Capaci ty ,  
and  Entropy  Data   for   the  Elements   and  Inorganic   Compounds,  I 1  
U S  Bur.  of Mines Bull. , #584. 
Kelley, K. K.  , 1962 ,  "Hea t s  and  F ree  Ene rg ie s  of F o r m a t i o n  of 
Anhydrous Si l icates ,  US Bur.  of Mines Repts .  of Investigation, 
#5901. 
19-7 
80.  
81. 
82. 
83. 
84. 
85. 
86. 
87. 
88. 
89. 
90. 
Kelley,  K. K.,  Southard,  J .  C. ,  and Anderson,  C.  F. , 1941, 
"Thermodynamic   P rope r t i e s  of Gypsum  and  i ts   Dehydrat ion 
P r o d u c t s , "  U S  Bur.  of Mines  Tech .  Paper ,  #625.  
Kelly,  R.  and Greene,  R. ,  1951,  "Irreversible  Dehydrat ion in  
Montmorillonite,  Clay  Min.  Bull.,  V. 1 ,  p.  221. 
Kennedy,  G.  C. ,  1950,  "Pressure-Volume-Tempera ture  Rela t ions  
in  Wate r  a t  E leva ted  Tempera tu res  and  P res su res ,  I '  A m .  J .  S c i . ,  
V. 248, p. 540. 
Kleinpaul, W. , 1960, "Calculations of Act ivat ion  Energies ,  
Zei t ,  Physik.  Chem. , V. 26,  p. 313. 
Klever ,  E . ,  1930,  "Calor imet r ic  and  X-Ray Inves t iga t ions  of the 
Dehydration of Hydrated Alumina, I t  T r a n s .  C e r a m .  S O C . ,  V. 29, 
p.  149. 
Ki r iyoma,   R . ,   Koizumi ,  M . ,  Yamad,   K. ,   and  Kitagahi ,   R. ,   1957,  
"Hydrothermal  React ions of Zeoli tes ,  I t  J .  Min. SOC. Japan, V. 3, 
p. 107. 
Koizumi,  M . ,  1953,  "The Different ia l  Thermal  Analysis  Curves 
and Dehydrat ion Curves of Zeol i tes ,  I '  J .  Min. SOC. Japan, V. 1, 
p.  36. 
Kracek ,  F. C . ,  1953, "Annual Report of the  Direc tor  of the Geo- 
phys ica l  Labora tory ,  ( I  Carnegie  Inst .  of Wash. Yearbook, #52, P. 39. 
Lewis ,  G.  N . ,  and Randall ,  M.,  1923, "A S u m m a r y  of the Specific 
Hea t s  of G a s e s ,  J. A m .  Chem. SOC. ,  V. 34. 
Lewis ,  G.  N . ,  and Randal l ,  M. ,  1923,  Thermodynamics and 
F r e e  E n e r g y  of Chemical  Substances,  McGraw-Hil l  CO.,  N. y .  
19-8 
91. 
9 2. 
93. 
94. 
9 5. 
96. 
97. 
98. 
99.  
100. 
101. 
t ion in Montmoril lonites,  I t  A m .  Min. , V. 41, p. 627. 
McConnell, D. , 1950,  "The Crystal  Chemistry of Montmoril lonite,  I '  
Am.  Min. , V. 35,  p.  166. 
MacDonald, G. J .  F . ,  1953, "Anhydrite-Gypsum Equilibrium Re- 
lations,  ' '  Am. J. S c i . ,  v. 251, p. 884. 
MacDonald, G. J. F . ,  1954, A Cri t ical  Review of Geologically 
Important  Thermochemical  Data ,  PhD Thesis  Harvard Univ.  
Mackenzie, Milne, 1952, "Effect of Grinding Muscovite,  I'  
Min Mag, 30, p. 178- 185. 
Mackenzie, R. C. and Bishui, B. M. , 1958, The Montmoril lonite 
D i f f e ren t i a l  The rma l  Curve ,  Pa r t  11. Effect of Exchangeable 
Cations on the Dehydration of Normal Montmorillonite, Clay Min. 
Bull. , V. 3, p. 276. 
Megaw, H. D. , 1952, "The   S t ruc ture  of Arfvi l l i te   Ca3(Si030H)2 
2H2). I t  Acta .  Crys t .  , V. 5, p. 477. 
Midgley, H. G . ,  and  Gross ,  K. A . ,  1956,  "Thermal  React ions of 
Smec t i t e s ,  I '  Clay Min. Bull, V. 3, p. 79. 
Milligan, W.  0. and Weiser ,  H.  B . ,  1937, "The Mechanism 
of Dehydration of Zeol i tes ,  ' I  J. Phys .  Chem. ,  V. 41, p. 1024. 
Morey, G. W. and Ingerson, E . ,  1937, "The Pneumatolytic and 
Hydrothermal   Alterat ion  and  Synthesis  of Si l icates ,  I '  Econ.  Geol. , 
V. 32, p. 607. 
19-9 
102. 
103. 
104. 
10 5. 
106. 
10 7. 
108. 
109. 
110. 
11  1. 
112. 
113. 
Morimoto,  N . ,  1959, "Annual Report of t he  Di rec to r  of the  Geo-  
physical  Laboratory,  I t  Carnegie  Inst .  of W a s h .  Yearbook, #58, 
p. 197. 
Muyushiro,  Akiho, 1960, "Thermodynamics of React ions of Rock 
Forming Minera ls  wi th  S i l ica ,  II J a p a n e s e  J .  Geol.  and Geography 
Trans .   31 ,  p. 71. 
No119 W .  , 1932, "Synthese Von Montmoril loniten,  Ein.  Beitrag Lur 
Kenntniss  Der  Belchungs-Beaingungen Und Des   Chemismus   Von 
Montmoril l init ,  I '  Chemie Der  Erde,  V.  10,  pp.  129,  154.  
Noli, W . ,  1936, "Hydrothermal Synthesis Des Muscovite,  Ein 
Bei t rag  Zur  Frage  Ser iz i tb i ldung in  Tonschiefern ,  1 1  Nach. Cesell, 
Wiss. Gott ingen Math-Physik Kl . ,  pp .  122-134. 
Noll, W .  , 1944, "New Investigations in Water-Silicate Systems, 1 1  
Kolloid  Zeits.  , V.  107, p .  181. 
Noll, W . ,  1950, "Synthesis in System MgO/Si02/H20, I I  Zeit .  Anorg. 
C h e m . ,  V .  261, p.  1. 
P a n k r a t z ,  L. B. , 1964,  "High Temperature  Heat  Contents  and 
En t rop ie s  of Muscovite and Dehydrated Muscovite, I t  US Bur .  of Mines 
Rept.  Investigation,  #6371,  p.  6. 
Paul ing ,  L.  , 1930,  "The Structure  of Micas  and Related Minerals ,  
Proc .   Nat .   Acad .   Sc i .   USA. ,  V .  16,  p. 123. 
Paul ing ,  L.  and Hendricks,  S .  B. , 1925,  "The  Crys ta l  S t ruc ture  of 
Hemati te   and  Corundum, J. Am.  Chem. SOC. , V.  47, p.  781. 
Pavarennykh,  A.  , 1959, "Dehydration and Dissociation of Minerals , . ' l  
Trudy  Mineral .   Muzeya,  #9 ,  p. 99. 
Am.   Min . ,  V .  40,  p.  834. 
19-10 
k 
114. P i s t an ius ,  C. W .  F T.  and Sharp,  W .  E . ,  1960,  "Proper t ies  of 
W a t e r ,  P a r t  V I  Entropy and Gibbs F r e e  Energy  of Water in  the 
Range  10-1000 C and  1-250, 000 B a r s ,  A m .  J .  S c i . ,  V.  258, 0. 
p. 757. 
115.  Posnjak. E , 1938,   "The  system  CaS04,  US Bur .  of Mines  Tech.  
P a p e r ,  Ser .  5, V .  35-A,  p.  247. 
116. Posnjak, E. and Bowen, N. L . ,  1931, "The role of H z 0  i n  T r e m o -  
l i t e ,   Am.  J .  Sc i .  , Ser .  5, V .  22, p. 203. 
(S i3A1)010(OH)~,   Acta .   Crys t .  , V.  13,  p.  919. 
118.   Rals ton,   Ol iver   C.  , 1929,  "Iron  Oxide  Reduction  Equilibria,  US 
Bur.  of Mines Bull .  , #296. 
-
119. Repa, A. G . ,  1954, "Reactions of S i l ica te  Format ion ,  l1 Zhur .  Pr ik lad .  
Khim,  V .  27, p. 1184. 
120. Robie,  R. A.,  1964, "Equilibrium of Talc with Enstati te and Quartz,  
Sc ience ,  V .  143,  #3610, p.  1957. 
121.  Robie,  R. A. and  Stout, J .  W , 1963,  "Heat  Capaci ty  f rom l l -350°K,  
Ent ropy  and  Heat  of F o r m a t i o n  of Ta lc  and  Tremol i t e ,  J .  Phys .  
C h e m . ,  V .  67,  p.  2252. 
122.  Ross ,  C.  S. , 1904, "Volatiles i n  Volcanic  Glasses  and their  Stabi l i ty  
Relations,   Am.  Min. , V. 49, p. 258. 
123.  Rossini ,  F. D. e t  al. , 1952, IISelected Values of Chemical  Thermody - 
namic   P rope r t i e s ,  US Nat.   B.ur.   Stds.   Circ. ,  # 5 0 0 ,  US Dept. of 
C o m m e r c e .  
124. Rowland, R. A. , Weiss ,  E. J .  , and Bradley,  W .  F. , 1956, "Dehy- 
dra t ion  of Moroionic  Montmori l loni tes ,  Proc.  4th Nat .  Conf .  on 
Clays  and  Clay  Minera ls ,  USA, p.  85. 
- " 
19-11 
127. Roy, R. and Roy, D. M.,  1954, "An Experimental  Study of  the 
F o r m a t i o n   a n d   P r o p e r t i e s  of Synthe t ic   Serpent ines   and   Rela ted  
Laye r   S i l i ca t e   Mine ra l s ,   Am.   Min . ,  V.  39, p. 957. 
128. Roy, R. and Tuttle,  0. F . ,  1957,  Phys ics  and  Chemis t ry  of the 
E a r t h ,  P e r g a m o n  P r e s s ,  N. Y . ,  Ch. 6. 
129.  Sabat ier ,  G.  , 1955, "Kinetics of the Dehydrat ion of Severa l  S i l ica tes ,  I t  
J .  Chem.   Phys .  , V .  52,  p. 6 0 .  
130.   Schmalz,   R.  F , 1958,  "Thermodynamic  Calculations  Relating  to 
the  Origin of Red  Beds,   Geol.  SOC. Am.  Bull .  , V. 69,  p.  1639. 
131 .  Schmalz ,  R .  F . ,  1959 ,  "A Note on the System Fe2O3. H20, J .  Geophys. 
R e s . ,  V .  64,  p.  575. 
132. Smith,  F. G. and Kidd, D. J .  , 1949, "Hematite-Geothite Relations in 
Neut ra l  and  Alka l ine  Solu t ions  Under  Pressure ,  I I  Am. Min . ,  V .  34, 
p. 403. 
133. Smith,  J .  v. and Yoder,  H. S . ,  1956,  "Theore t ica l  and  X-ray  S tudy 
of the  Mica  Polymorphs,   Min.  Mag. , V .  31,  #234, p. 209. 
134. Smyth, F. H. and Adams,  L.  H. , 1923,  "The System Calcium Oxide-  
Carbon  Dioxide,  J .  Am.  Chem. SOC. , V .  45,  p.  1167. 
135. Southard,  J. C. and Royster ,  P.  H. , 1936,  "The Thermal  Dissocia-  
tion of Calc ium  Carbonate ,  J. P h y s .  C h e m . ,  V.  40, p. 435. 
136. Steiner,  L.  E. , 1941,  In t roduct ion  to  Chemica l  Thermodynamics ,  
McGraw-Hill  Go.  , N. Y. 
137. Taylor,  W.  H. , 1933 "The  St ruc ture  of Sanid ine  and  Other  Fe ldspars ,  I I  
Ze i t .   Kr is t .  , V. 85,  p.  425. 
138.  Thilo, E . ,  1939,  "Chemische  Untersuchungen  Von  Sil ikaten IX.  Die 
Umwandung  Von  Tremoli t   in   Diopsid  Beim  Erhi tzen,  I '  Zeit .   Kris t .  , 
v.  101. p. 345. 
19-12 
139. 
140. 
141. 
142. 
143. 
144. 
145. 
146. 
14 7. 
148. 
149. 
150. 
Tigerschiold,  Magnus,  1923,  "Jarnets  Oxide F r a n  Termodynamisk  
Synpunket ,  Avt ryck  Ur  Jernkontore ts  Annaler  For  Ar ,  p.  67. - 
Torgeson ,  D. R.  and Sahama,  T .  G. , 1948, "A Hydrofluoric Acid 
Calor imeter   and   the   Determina t ion  of the   Heats  of Fo rma t ion  of 
MgSiO4,  MgSi03,  and  CaSi03, I '  J. Am. Chem. SOC. , V. 70, p. 2156. 
Tunel l ,  G. and Posnjak, E. , 1931, "The Stabil i ty Relations of  
Goethite  and  Hematite,   Econ.  Geol.  , V .  26, p. 337. 
V e r m a a s ,  F. H. S .  , 19 52, "The Amphibole Asbestos of South Africa,  I I  
Trans.   Geol.   SOC.  South  Africa,   V.  55,  p. 199. 
Von Ubisch, H .  , 1953,  ' 'Mass  Spectrometry and Mineralogy,  
Geologeska Foreningens Forhandl inger ,  #475,  p. 469. 
Weiser ,   H.  B . ,  Milligan, W .  O. ,  and  Eckholm, w. c., 1936,  "The 
Mechanism of the  Dehydration of Calcium  Sulfate   Hemihydrate ,  
J .  Am.  Chem. S O C . ,  V .  58, p. 1261. 
Weller ,  w. and King, E. G . ,  1963,  "Low Temperature  Heat  Capa-  
c i ty  and-  Entropy at  298.  15OK of Muscovite,  US Bur .  of Mines 
Rept.   Investigation,  #6281, p. 4. 
151.  Wicks,  C. E. and  Block, F. E . ,  1962,   "Thermodynamic  Propert ies  
of 05  E lemen t s ,  US Bur.  of Mines Bull . ,  #605. 
152.   Wit te ls ,   M. ,   1951,   "Structural   Transformations  in   Amphiboles   a t  
E leva ted   Tempera tu res ,   Am.   Min . ,  V. 36, p. 851. 
153. Wittels,  M. , 1952, "Structural  Disintegration of Some Amphiboles ,  
Am.   Min . ,  V .  37, p.  28. 
155. Wyckoff, R. W .  G . ,  1925,  "Die Kris ta ls t ruktur  Von Cris tobal i t  
S i02  (Be i  Hohen  Tempera tu re  S tab i l e  Form) ,  Ze i t ,  Kr i s t .  , V. 62, 
p,  189. 
157. Wyllie, P. J. and Tuttle,  0. F . ,  1960, "The System CaO. G o 2 .  H 2 0  
and the Origin of Cdrbonat i tes ,  J .  P e t r o l . ,  V .  1, p .  1.  
158. Yoder, H. S . ,  J r .  , 1952, "The MgO-A1203-Si02-H20 System and 
Rela ted   Metamorphic   Fac ies ,   Am.  J .  Sci.  , Bowen  Volume, p.  569, 
159. Yoder, H. S. , 1954, "Annual Report of the  Direc tor  of the Geophysical 
Labora to ry ,  ' I  Carnegie  Inst .  of Washington Yearbook, #53, p .  95. 
160. Yoder, H. s. and Eugster ,  H. P., 1953, "Synthesis and Stability of 
the  Muscovi tes ,   Geol .   SOC.  Am.  Bul l .  , V. 64, p. 1486. 
161.  Yoder,  H. S .  and Eugster,  H. P . ,  1954, "Phlogopite Systhesis and 
Stabil i ty  Range,  Geochim.  et   Cosmochim.  Acta,  V .  6,  p. 157. 
163. Zussman, J . ,  1954,  "Investigation of the  Crys ta l  S t ruc ture  of 
Antigorite,  Min.  Mag. , V .  30, p .  498. 
165.  Zwetsch,  A.,   1934,  "Rontgenuntersuchungen Und Der  Keramik ,  
Be r .   Deu t .   Keram.   Ges . ,  V.  14, p. 2. 
APPENDIX I 
CONTRACT SUMMARY 
On 16 November 1964, The Bendix Corporation entered into Contract 
NAS 9 - 3 7 3 4  with NASA fo r   pe r fo rmance  of cer ta in   t es t s   and   ana lyses .  
The  fol lowing  summarizes   the  requirements  of that   contract , the  signi-  
f icant  technical  problems encountered,  and the resul t ing contract  revis ions.  
I. 1 ORIGINAL  CONTRACT 
The   cont rac t   se t   for th   the   fo l lowing   as   i t s   purpose   and   ob jec t ives :  
1. P u r p o s e  - to  evaluate  the s tabi l i ty  of v a r i o u s  e a r t h  m i n e r a l s  
in a s imula ted  lunar  envi ronment .  Changes  in  minera l  conten t  
which  were  to   be  invest igated  were  those  due  to  a l o s s   o r   ga in  of 
chemical consti tuents and those due to a s t r u c t u r a l   r e a r r a n g e -  
ment  of ions. 
2.  Genera l  Objec t ive  - to  determine the possible  composi t ion 
and   c rys t a l l i ne   fo rm  o fmine ra l s   p re sen t   i n   t he   l una r   env i ron -  
ment .  
3. Specific Objectives - to  de te rmine  what  chemica l  and/or  
s t ruc tura l   changes   occur   when  cer ta in   ear th   minera ls   a re  
subjected to  temperature  and vacuum condi t ions s imulat ing 
those of the lunar  environment ,  and to  determine the s tabi l i ty  
of such   chemica l   and/or   s t ruc tura l   forms   when  exposed   to  
spacecraf t   and   ear th   envi ronments .  
The environmental  condi t ions referred to  above were def ined as:  
Tempera ture   Humidi ty   Atmosphere  
L u n a r  -18OOC to  1 3OoC Nil 10-11 t o r r  
Spacecraf t  32OC 7070 Oxygen, 5 ps i a  
R e - e n t r y  6OoC 7 0% Oxygen, 5 psia  
E a r t h  3 5OC 10 0 70 N o r m a l   e r t h  
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1. Lunar  - S t a b i l i z e   p r e s s u r e   a t   o r   n e a r   t o r r   w i t h   t e m p e r a t u r e  
a t  13OoC and hold for  seven days;  reduce temperature  to  -180OC. 
and  hold  for  one  day;  this  cycle i s  repea ted   over  a per iod of s e v e r a l  
months  within  the  term of cont rac t   per formance .  
2.  Spacecraf t  - Expose samples  to  spacecraf t  environmental  condi-  
t ions  set   for th   above  s imultaneously  for  a to ta l  of four  days.  
3. R e - e n t r y  - Expose  to  th i s  se t  of conditions for a total  of one hour.  
4. E a r t h  - Expose for  two days.  
The  cont rac t  a l so  requi red  cer ta in  inves t iga t ions  regard ing  d is -  
o rde red   ma te r i a l s   wh ich   i n   summary   a r e :  
1. Pulver ize  muscovi te ,  tekt i te ,  and basal t  glass  unt i l  no X-ray 
diffraction pattern can be obtained. Disorder plagioclase by 
grinding  to  about  1-micron  size  and  exposing  i t   to a radiat ion of 
a h igh-energy  source .  Observe  samples  of t hese  mine ra l s  wh i l e  
they a re  subjected  to   the  var ious  required  environmental   condi-  
t ions  through  X-ray  photos   to   determine  whether   crystal l izat ion 
occur s .  De te rmine  hygroscop ic  p rope r t i e s  of t h e s e  m i n e r a l s  b y  
accurate   weighing  before   and  af ter   exposure  to   the  tes t   condi t ions 
2. Per form quant i ta t ive  de te rmina t ions  of water  vapor  and other  
g a s e s  of each of t he   mine ra l   s amples .  
3. Synthesize muscovite with about 1/2 of the OH- replaced by F- 
o r  C1 - and synthesize feldspars  with high NH4' content.  Deter- 
mine how readily HF ,  HC1, and NH3 vapor i ze  f rom the i r  r e spec -  
t i ve  mine ra l s .  Pe r fo rm add i t iona l  spec t rog raph ic  measu remen t s  
to   determine  which  volat i les   are   produced  f i rs t .  
4. Analyze react ion products  of all minera l   samples   inc luding   the  
synthes ized   minera ls .  
I t   was  expected  that   these  experiments  would  provide  an  early  input  to 
(and  guide  the  conduct  of)   the  long-term  test   plan  wherein  the  samples 
were  to   be  exposed  to   the  var ious  environmental   condi t ions.  
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I. 2 PROBLEMS ENCOUNTERED 
After considerable effort  had been expended in design and fabrication 
I of an  in t eg ra t ed  t e s t  s e tup  in  wh ich  all requi rements  of the long-term 
" expe r imen t s  cou ldbe  accommoda ted ,  i twas  d i scove red  du r ing  p re l imina ry  
tes t   runs   tha t   sur face   e rupt ions  of t he   s amples   a s   a r r anged   i n   t he   chamber  
were  very  l ikely  and  that   they  would  essent ia l ly   prohibi t   a t ta inment  of a 
suitable  vacuum  level  and  perhaps  even  result   in  "cross  poll ination" of 
the  samples .  (Pr ior  tes t  runs  had  been  made  wi th  jus t  one  minera l  sample .  
T h e  p r e s e n c e  of heterogenous samples  produced unant ic ipated problems 
in  achieving desired vacuum, as each   sample   reac ts   un ique ly   to   increas ing  
vacuum. Further ,  the f ine powder  samples  used were found to  t rap a i r  
molecu le s   a s   we l l  a s  volati le products,  which would expand rather suddenly,  
carrying  port ions of the   minera l   samples   wi th   them  in  a s o r t  of explosion. ) 
A s  a solution, i t  was recommended by the contractor and agreed t o  by 
NASA that   two  separate   chambers   be  used  concurrent ly   to   run  the  long-  
term experiments .  The previously designed chamber would be used as  
planned, but with only very small  amounts of the  mineral   samples   placed  in  
capi l lary tubes plugged at  the ends with f ine f iberglass .  At  the same t ime,  
l a r g e r   s a m p l e s  of t h e   s a m e   m i n e r a l s  would be placed in a la rger   vacuum 
chamber ,  deve loping  essent ia l ly  the  same vacuum and cyc l ing  tempera ture  
in  the  same way a s  in  the  small chamber .  These  la rger  samples  would  
be  used  for   subsequent   chemical   analyses   af ter   exposure  to   the  planned 
environment.  
This revised test  plan was implemented, and the following additional 
problems ensued:  
1. The samples in the small chamber could not be brought t o  -18OoC, 
pr imari ly   because  the  cold w a l l  design  being  used  re l ied  solely on 
rad ia t ion  for  hea t  t ransfer  f rom the  samples .  I t  was  mutua l ly  
agreed  that   the   temperature   cycl ing  to   be  used  in   the  small   chamber  
would be from ambi'ent to 13OoC, whi le   the   samples   in   the   l a rge  
chamber  would  be  cycled  from -18OoC to  13OoC. 
2. The  la rger  chamber  was  ab le  to  subjec t  the  sample  to  the  -18OoC 
tempera ture   a t   an   acceptab le   vacuum  leve l   (3  x to r r ) ;   however ,  
when  the   sample   t empera ture   was   ra i sed   to   the  13OOC mark ,   t he  
L .  
pressure   rose   to   to r r   and   could   be   re turned   on ly   to   the  
torr  range.  After  t rying unsuccessful ly  for  approximately two 
months,  i t  was determined that  outgassing of t he   s amples   was  
preventing achievement of the desired vacuum level .  NASA and 
the   cont rac tor   re luc tan t ly   agreed   tha t   th i s   t es t   p lan   had   to   be  
abandoned. 
3. Attempts  by the contractor  to  secure a chemica l  ana lys i s  f i rm 
acceptab le   to  NASA to  analyze  the  samples   af ter   subject ion  to   the 
tes t  envi ronments  were  not  successfu l .  
I. 3 CONTRACT MODIFICATION 
In view of the  above-listed  problems, a contract   revision  which 
completely reoriented the work remaining to  be performed was negot ia ted 
between the par t ies .  Brief ly  s ta ted,  the revis ion required design and 
fabricat ion of a new  sample  holder  which  would  enable  the small chamber  
to  subject  the samples  to  the -18OoC tempera ture ,  running  of a t e m p e r a -  
ture  cycl ing of s ix  minera l  samples  (NH fe ldspar ,  gypsum,  ca lc ium-  
montmoril lonite,  goethite,  muscovite,  and natroli te) while at  a s tab i l i -  
za t ion   p re s su re  of 5 x 10-10 torr ,  then subject ing the samples  to  a 4-day 
exposure  to  a s imulated spacecraf t  environment  of 32OC,  5 psia oxygen, 
and 100% relative humidity,  taking X-ray photos at  -18OoC, liquid CO2 
tempera ture ,  room ambient ,  7 5 O C ,  13OoC and af ter  the 4-day space-  
craf t  environment  exposure,  and delet ing the requirement  for  chemical  
analysis  by the   cont rac tor .  
4 
Specific i tems which the contract  had previously required and 
which were not performed as  a r e su l t  of the  modif ied  program  were:  
1. Synthesize muscovite with F- o r  C1- - Bendix intended to perform 
th is   synthes is   a f te r   the   fe ldspar   synthes is   had   been   comple ted .  
Because of the difficulty in producing a sufficient quantity of 
acceptable  ammoniated feldspar ,  caused by severa l  equipment  
failures,  this synthesis had not been attempted at  the t ime of 
program reorientat ion.  I t  w a s  not included in the revised plan, 
because i t  was ant ic ipated:  (1) that  i t  would require undue t ime 
and effort, and (2) that  the ammoniated feldspar synthesis had 
yielded  sufficient  data  to  meet  contract   objectives.  
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2. Pulver ize   muscovi te   unt i l   no  X-ray  diffract ion  pat tern is obtained - 
Bendix  attempted to do  this;   however,   i t   was  abandoned  because 
no  prac t ica l  means  were  ava i lab le  t o  Bendix to perform it .  The 
muscovi te   proved  to   be  extremely  diff icul t   to   crush  a t   a l l ,   and  i ts  
preparat ion  ul t imately  was  accomplished  by  cut t ing  with a pa i r  of 
sc i ssors .  The  muscovi te  would  sp l i t  in to  th inner  layers ,  bu t  the  
layers   would  not   tear   readi ly   into  small   enough  pieces  by t.he a t t emp-  
ted crushing. 
3 .  Determine hygroscopic  propert ies  of muscovi te ,  basal t ,  tekt i te ,  
and  i r radiated  plagioclase by accurate  weighing  following  their  
exposure  to   the  ful l   range of temperature  cycling  and  humidity 
conditions required in the contract. This was not performed 
because  the  init ial   test   program  could  not  be  completed  due  to 
equipment   problems  and  the  revised  tes t   program  deleted  tes t ing 
of a l l  of these minerals ,  with the except ion of muscovi te .  This  
task  was  not included in the contract revision, probably because 
the contemplated s i z e  of the muscovite sample would be too small 
for   this   type of testing. 
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